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Abstract 
High energy photons produced by medical linear accelerators are widely used in 
radiotherapy. It is well known that knowledge of the photon spectrum and the angular 
distribution of these photons inside the treatment field are required for the quality and 
the accuracy of the dose assessment. The beam flatness,which is one of the basic 
parameters of the beam quality, is affected by the variations in the bremsstrahlung 
spectrum as a function of the off-axis angle. The spectrum shape influences the dose 
distribution in the patient. 
A theoretical method based on the thick target model for forward-directed 
bremsstrahlung differential in photon energy with added filtration is shown to provide 
a promising method for reconstructing megavoltage spectra. The results of this method 
were compared to Monte Carlo based simulations and found to be in good agreement. 
The photoactivation technique was used to measure the photon spectra inside a 
400mm by 400 mm treatment field produced by a Philips medical accelerator 
operating at nominal (>.f\ e,ytJJof 25 MV. The measurements were carried out using a 
number of foil sets, with different energy thresholds. The induced activity of each foil 
was measured using a NaI(TI) and a PC-based multichannel analyzer. The spectra 
were then, unfolded using the computer code, LOUHI82. The angular distribution of 
the photons were examined using foils placed at 2.5°, 5° and 8°on both sides of the 
central axis of the treatment field.The measured spectra were compared to spectra 
obtained from published works. Results and implications are discussed. 
The photon spectra produced in two clinical machines, namely the Philips SL-25 
operating at 6 MV and 25 MV nominal ~~, and the Varian 2l00C operating at 6 
MV and 15 MV were reconstructed from attenuation measurements. The 
reconstruction model used is based. on the work of Huang et al and on the work of 
Piermattei. Narrow beam geometry was employed to acquire the transmission data 
using aluminium as the attenuating material for photons of energy 6 MeV and perspex 
as the attenuating material for photons of 15 MeV and 25 MeV. The transmission 
measurements were carried out on the central axis and at several angles off the axis 
for each machine.To test the validity of the results, the spectra obtained were 
compared to spectra obtained from different published works. The results showed a 
good agreement between the measured and calculated transmission data. 
Finally, the neutron field around a medical electron accelerator has been characterised 
using foil activation technique. The neutron fluence distribution inside a field of 400 
mm by 400 mm at SSD=1000 mm produced by the Philips SL-25 machine was 
measured using bare and cadmium covered gold foils. The spectra along the Gun-
target line and at off-axis angles of 5 and 8 degrees were determined using a set of 
threshold detectors (foil). The shape measured spectra showed a deviation from those 
of a fission spectrum. 
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Chapter 1 
Introduction 
Radiotherapy is one of the methods of treatment of cancer. This type of 
treatment is increasingly used nowadays. To treat deep seated tumours, radiations with 
high energy and penetrating power are necessary. This high energy x-ray treatment is 
provided in hospitals mostly using medical linear accelerators, Linacs. The theory and 
the principles of medical linear accelerators are discussed in chapter 2. As illustrated 
in figure 1.1 such high energy x-rays can be generated when high energy electrons 
interact with a target. Knowledge of the spectral composition of such high energy 
x-ray beams is important for both patient dose calculation and quality assurance of the 
linear accelerators used to generate the radiation. It is well known that knowledge of 
the angular distribution of these photons inside the treatment field are required for the 
quality and the accuracy of the dose assessment . The beam flatness ,which is one of 
the basic parameters of the beam quality, is affected by the variations in the 
bremsstrahlung spectrum as a function of the off-axis angle. The spectrum shape 
influences the dose distribution in the patient. 
For clinical megavoltage beams the direct or in beam measurements of the 
energy spectrum using detectors such as N aI(TI) scintillation and Ge semiconductor 
detectors is not feasible directly due to the high dose rates present and large photon 
ranges which increase the likelihood of dose pile-up and photon-escape from the 
detector. These two effects may be reduced by measuring the Compton spectrum 
produced by an absorber placed in the beam. The consequence of this is to compress 
the original spectrum into a narrower energy region leading to a loss of 
resolution.Faddegon et al [FAD90] used a large (20 x 25cm) NaI (Tl) detector to 
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measure spectra with maximum photon energies up to 30 MV. Unfolding the true 
spectrum from the raw measurements is achieved by empirically correcting for the 
energy-dependence and dose pile-up in the detector. Such measurements are not 
practicable as a regular quality assurance procedure. 
Monte Carlo simulations can be carried out if full details of the machine-head 
construction, and its physical properties are available. But such information is rarely 
divulged by competing manufacturers making the theoretical spectra produced of only 
limited use in testing for variations in the spectra from clinical machines. 
Since no simple, direct method of determining the x-ray spectrum is available,we 
must look at ways of deriving the spectrum from more easily measured quantities 
which are themselves directly dependant on the proportions of each photon energy in 
the spectrum. Therefore, indirect methods must be employed. 
The aim of this work was therefore to investigate the vanous indirect 
methods which can be employed to determine the photon spectrum in a medical linear 
accelerator and to lay down the basis of a simple method which can be used in 
characterisation of the spectrum, and can be easily adopted in clinical environments. 
Also to investigate the possibility of using the photoactivition technique to determine 
the energy spectrum of the neutron component in the treatment field which 
contributes to the overall dose received by the patient and is also of interest to 
quantify or estimate the radiological risk for staff operating such machines . The 
indirect techniques include theoretical methods, the photoactiviton technique, and 
attenuation measurements. 
Theoretical thin-target bremstrahlung spectra, where the incident electron is 
assumed to lose no energy in passing through the target can be calculated to 
accuracies in the order of twenty percent . For realistic thick-target spectra, 
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approximations must be made to describe the energy and angular distribution of the 
electrons with depth in the target and so more accuracy is lost. In this study (chapter 
3) a thick target model is proposed to obtain the bremsstrahlung spectrum. The model 
is a numerical method based on the work of Ferdinande [FER7l] and the work of 
Desobry et al [DES91,DES94]. 
The method starts by dividing the bremsstrahlung target into a number of thin layers 
in which each layer or slab will resemble a thin target. Then the spectrum of the 
thick target is obtained as a summation of these thin targets spectra. In order to check 
the validity of the model, a Monte Carlo calculation using the Integrated Tiger Series 
(ITS) computer code [JEN88]was preformed for the same target. 
Photoactivation analysis can be used to derive high-energy spectra. A number 
of activation foils are placed in the x-ray beam and the induced activity measured. 
The energy-dependence of reactions and the cross-sections of the photonuclear 
reactions are then used to derive the spectrum.The limitations of the method are in the 
availability of suitable activation foils and the equipment ( in clinical environments) 
necessary to accurately determine the induced activity. 
For this study different sets of foils, i.e one set for each particular photonuclear 
reaction threshold, were used to measure the photon spectrum produced by a Philips 
SL-25 machine along the Gun-Target, GT, and the patient, AB, lines central axis 
and at several off-axis angles. The choice of these foils are based on the following 
criteria; 
a) The specific isotopes that are to be made radioactive must have a high natural 
abundance i.e greater than 10%. 
b) The material of the foil should be chemically stable and should have high chemical 
purity, to avoid interference reactions 
c) The half life of the daughter nucleus should be comparable with the irradiation 
time. _ 
d) The isotope produced should emit gamma rays of known energy and branching 
ratio. 
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e) In order to measure the induced activity accurately using a NaI (TI) detector of 
good efficiency but poor resolution, the emitted gamma-ray spectrum should not be 
too complex. 
f) Competition between (Y,n) and (n,Y) reactions for the production of the same 
daughter nucleus should strongly favour the (Y,n) reaction. 
The spectra were then reconstructed by unfolding them from the measured 
induced activities using a least squares minimisation technique based on a computer 
program. The implications and the results of the method along, with experimental 
arrangement, are discussed in chapter 4. 
Narrow-beam attenuation measurements has been successful in detennining the 
spectra of therapeutic x-rays machines. At these energies the total attenuation 
coefficient is a monotonically decreasing function of energy which can be used to 
derive the energy composition of the spectrum.Such attenuation measurements can be 
relatively easily and accurately carried out on any therapy machine, using an 
ionization chamber and suitable filters. 
In this work, the use of transmission measurements which utilize a narrow-
beam geometry was investigated as a method of detennining x-ray energy spectra for 
two different clinical machines located at two different sites, namely, the Philips SL-
25 installed at the Walsgrave Hospital Radiotherapy Centre in Coventry and the 
Varian 2100C installed at the Mid -Kent Oncology Centre in Maidstone. The 
attenuation measurements were carried out at maximum photon energies of 6 Me V 
and 25 MeV for the Philips machine and at 6 MeV, and 15 MeV for the Varian 
machine. Aluminium sheets were used as the attenuating material for the spectra with 
maximum energy of 6 MeV and perspex or Polymethyl-meth -acrylate (pmmp), as the 
attenuating material for spectra with 15 MeV and 25 MeV end-point energies. A 
computer program using iterative least squares technique based on Hu~g et al 
[HUA82, HUA83]and Piemattei et al [PIE90a, PIE90b] models was developed to 
analyze the collected transmission data and to reconstruct the various spectra by 
applying some physically reasonable constrains. Chapter 5 contains principles , 
experimen tal procedures and results of the method. 
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An unavoidable contamination of photoneutrons in electron accelerators 
operating above 10 MeV has been of concern to various workers and regulatory 
bodies. for their effects on the patient and for the protection of the operating staff. 
The accurate dosimetry of these neutrons depends strongly on their spectral 
composition and shape. The spectrum of photoneutrons is assumed to be similar to 
the spectrum of those neutrons produced by fission by many investigators. However, 
this assumption has led to inaccurate assessment of the dose fraction produced in the 
treatment field due to the photoneutrons. In the present work, the foil activation 
technique was employed to determine the photoneutron flux and their spectrum at 
different positions in a 400 mm by 400 mm treatment field of the Philips SL-25 
machine operating at nominal energy of 25 MV. Various threshold (n,Y) reactions 
were utilized to preform this task. The spectrum was unfolded from the induced 
activities in the same way as the photon spectra. 
Also a novel method was investigated which can be used to establish whether 
it is possible to use photonuclear activation ratios (PARs) as an indication of the 
relative concentration of carbon, nitrogen, oxygen and potassium in the body of 
patients who have undergone high energy photon (or even electron) therapy, with 
sufficient accuracy so as to monitor changes in the concentrations of a few percent. 
PAR is defined as the ratio of the saturation activity per target nucleus of one element 
relati ve to another. 
Since the activated photoproducts of carbon, nitrogen, oxygen and potassium are all 
positron emitters which on annihilation emit photons of the same energy (511ke V), 
effects of sample size, self absorption and counting geometry cancel out when the 
photonuclear activation ratio is utilised assuming that these induced radionuclides arise 
within the same region. Hence the simplest and most reproducible scheme is to use 
an analysis which will give a unique PAR from a single irradiation. A number of 
tissue phantoms to be used ,under different irradiation regimes and fields, in which 
the concentrations of the major elements will be changed and their photonuclear 
reaction yields then determined. A correlation between the ratios of their yields and 
the relative concentrations will be drawn in order to establish a relationship between 
the photonuclear activation ratios and the changes in the concentrations of the 
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constituent elements. This will lead to a method for distinguishing abnormal from 
nonnal tissues and may allow the monitoring of changes in elemental levels as 
radiotherapy progresses. 
EI n Beam 
Primary Collimator 
~~ZZ2~~~.I~.!!·g .. ~ ..!'!'I!:.;:::. ;:::. ZZ2:::::J Monitor chamber 
Secondary Collimator 
Jaws 
Figure 1. 1 A typical radiotherapy machine head. 
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Chapter 2 
MEDICAL LINEAR ACCELERATOR 
2.1 Introduction 
Radiotherapy is one of the methods used to treat cancerous tumours. Electrons 
can be used to treat cancerous cells located at the skin or at few mm below the 
surface of the tissue. For the treatment of a deep sited tumour radiations with high 
energy and penetrating power are necessary. Electron accelerators or linear accelerators 
(Linacs) were developed to provide such needed radiations. Either to provide high 
energy electrons directly., ~_ ' _._~ ~_- .. -.------. - ,- or to provide high 
energy x-rays which a result of electron interactions with a target. The linear 
accelerators offer the advantage of simplicity and reliability, great tissue penetration, 
high dose rate, better beam definition and the choice of both electron and photon 
irradiations. 
The first accelerator was installed in 1952 at Hammersmith Hospital in the U. 
K. The second generation came with the massive advance in computer power, the 
invention of computed tomography, CT, and magnetic resonance imaging, MRI. This 
made radiotherapy a definitive treatment modality and called for better standards of 
dose and energy deliverance from linear accelerators. And now we are in the third 
generation of megavoltage therapy, the age of 3-D conformal radiotherapy. This was 
first proposed by the Japanese in 1975 and have been using it since then [WIE92] . The 
emergence of multileaf collimation has greatly enhanced the development of the 3-d 
conformal radiotherapy. Therefore, It would be worthwhile to have an overview of the 
theory, structure, and operations of linear medical accelerators. Table 2.1 shows the 
some of the changes in medical linacs technology from the 1950s to the 1990s. The 
data shown in the table were taken from reference [KAR93]. 
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Table 2.1 Some changes in medical linacs technology from 1950s-1990s[KAR93] 
Item Early Modem Result 
Accelerator guide Travelling Standing doubled guide efficiency 
type wave wave 
Me V per meter 4 12-18 Shorter guide, Simpler, more 
of guide Compact Machine. 360 
gantry rotation. 
x-ray field size Modest Large Full mantle at isocentre 
x-ray dose rate 100-200 250-500 Short exposure, even with 
in wedge filters 
cGy/min 
x-ray energies, 4-6 4-24 Optimal for thin and thick 
MeV (1) (2) sections of patient 
number of modes 
Electron energies None or Low or full useful penetration 
low High 
Isodose Fair Excellent Protection of normal tissue, 
distributions and dose precision 
their stability 
Microwave tube Months Years Machine up-time , lower cost 
life 
Cleanness Oil pumps ion pumps Freedom from arcing , High 
brazed energy gradients 
guide 
Electronics Tubes and Solid state Reliability, ease of service 
Relays modular . 
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2.2 Theory of linear accelerator 
An electron linear accelerator is a device that accelerates electrons by virtue 
of an axial electric field. When the energy at injection is negligible, the final electron 
kinetic energy obtained is given by 
L 
E = J eFz • dl 
o 
(2. 1) 
where, E is the electron kinetic energy, e is the electronic charge, Fz is the axial 
electric field, dl is the increment in length, and L= accelerating tube length. 
The required axial electric field is provided by electromagnetic waves of microwaves 
frequency commonly 3000MHz. 
Two different configuration of linacs are in modern use. The travelling wave 
accelerator in which microwave power is supplied to the input of the accelerator 
section and travels to the other end, remaining at all times in phase with the moving 
electron bunches. The accelerator interior is partitioned into accelerating cavities 
dimensional in such a way that the phase velocity of the microwave field equals the 
electron velocity. Example of the travelling wave, accelerators is Philips© SL-25 which 
was employed in this work. Another configuration is the standing wave accelerator 
in which additional side cavities provide a 180 degrees phase shift between 
accelerating cavities. 
This type has the advantage of being less sensitive to temperature or dimensional 
variation and achieves the same beam energy in a shorter length.Example of this type 
is Varian © Cl2100 clinical machine. Microwave power for low energies is generally 
developed by magnetrons but all higher energy accelerators use klystrons. Peak powers 
generated per unit are 2-5 MV(magnetrons) and 20-40 MW (klystrons). 
9 
Essentially all modern radiotherapy machines employ an electron linac 
mounted in an isocentric gantry. The following components are common to the 
modern linacs 
(a) The injector, containing the gun or electron 'source', 
(b) The accelerator itself, composed of one or more sections, fed by separate 
microwave generators; 
(c) The microwave generators: one or more magnetrons or klystrons, driven in phase; 
(d) A modulator to energize each microwave generator; 
(e) A target and/or beam dump to provide useful secondary radiations and stop the 
electrons. 
In addition, most installations have at least one beam transport magnet. Also linacs 
are loosely classified by their x-ray and electron energies as shown in the following 
table [KAR93]: 
Machine class X-ray mode (MV) Electron mode (Me V) 
Low energy 4 or 6 None 
4 or 6 to 9 or 12 
Medium energy 8 or 10 40r 6 to 120r 15 
High energy 15/18/20/22/25 40r 6 to 18 or 25 
Dual energy 4 or 6 and 4 or 6 to 18 or 25 
10/15/18/20/22/25 
All low energy machines employ a magnetron, which produces a peak of RF power 
at about 2.5 MW, with 2.5 kW average RF power. Medium, high, and dual energy 
machines ( such as Philips Sl-25, and Varian 2100e) employ a larger magnetron or 
a klyston. In this study two different types of clinical machines were employed , 
namley , Philips SL-25 and Varian 2100c . The ·general specification of these 
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machines are shown in table 2.2. 
Evolution of the modern electron linear accelerator has been made possible 
by the development of high power radiofreque.ncy generators and specially designed 
microwave cavities and waveguides. Because of the important role of microwave 
technology in linear accelerators, a description of microwave cavities, waveguide, and 
power sources will be provided in the next section. Also the principles of electron 
acceleration by microwaves with particular emphasis placed on travelling wave 
electron and high energy radiotherapy machines. 
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Table 2.2 Specification of the clinical machines used in this study. 
Item Philips SL-25 Varian 2100C 
maximum x-ray 6/400 , 10/400, 15/400, 
energies (MV) and 6/300 &25/300 and 18 /400 
Maximum dose rate at 
isocentre in cGy /min 
Electron energies 4-22 4-20 
obtainable (MeV) 
Isocentre height above 1250 1290 
floor in millimetres 
x-ray field (max) 400 mm by 400 mm 400 mm by 400 mm 
Wedge filter inside 
radiation head, remote Yes NO 
controlled 
Bend Magnet Slalom 270 degrees 
Klystron or magnetron Magnetron / 5 Klystron / 5.5 
and pulse power in MV 
Guide mode Traveling wave guide. Standing wave guide 
Electron Gun type diode gun type triode gun type 
Mode to change x-ray beam loading and/or Microwave swich in 
energy shift in TW guide side cavity of SW 
guide 
12 
2.2.1 Microwave generators 
Microwave cavities and guides support certain specific electromagnetic wave 
configurations and are used in microwave power generation, microwave transport, and 
for electron acceleration. Energetic electrons can generate microwave power by 
exciting the cavities of microwave power amplifiers such as the klystron. On the other 
hand, a linear array of cavities can accelerate electrons by transferring electromagnetic 
energy from the cavity fields to an electron beam. Microwave cavity geometry and 
dimensions determine the particular application of the cavity. Rectangular waveguides 
are used primarily for high power microwave energy transport while cylindrical 
cavities are used in microwave power amplification and electron acceleration. 
The rectangular waveguide is the principle means by which microwave is 
transported long distanceS'. Rectangular waveguides are used to transmit microwaves 
from the power amplifier to the electron acceleration section of a linear accelerator. 
This type of waveguide is operated in what is known as the transverse electric mode 
, TE, mode. In the TE mode, the electromagnetic wave has no electric field component 
in the direction of travel. Although microwave guides in general will transport waves 
of an infinite number resonant frequencies, guide dimensions are designed for transport 
in the most convenient frequencies. 
Cylindrical cavities, in electron linear accelerators, are used in both microwaves 
power amplification and in electron acceleration. Similarly to the rectangular cavity, 
the lowest frequency, and most dominant, modes often are used. Cylindrical cavities 
are generally operated in what is called the transverse magnetic mode, TMol . This 
mode characterised by an axial electric field and an azimuthal magnetic induction is 
particularly suitable for transferring power to electron beams. In addition microwave 
power amplification is usually accomplished in high energy accelerators by the 
klystron, a device utilising TMol mode cylindrical cavities. 
The klystron, in its simplest form, consists of two interconnected cylindrical 
cavities, the first of which is called a buncher and the second a catcher. Microwaves 
from a radiofrequency oscillator are transported to the buncher cavity of the klystron. 
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Electrons, thermionically emitted from a hot filament, enter the buncher cavity and are 
grouped or 'bunched' by the alternating axial electric field. Bunched electrons are 
accelerated further by a DC field and travel through a drift tube to the catcher cavity. 
The catcher cavity, resonant at 'the arrival frequency of the electron bunches, extracts 
a large portion of the electron kinetic energy converting it to electromagnetic energy. 
As a result, microwaves of increased amplitudes are produced. Even greater power 
amplification , can be accomplished by klystrons of multiple cavities. 
The cylindrical waveguide used for electron acceleration may be thought of as 
a linear array of many cylindrical cavities. This is accomplished by introducing 
circular 'washer-shaped' disks called irises. Iris-loading of the cylindrical waveguide 
is necessary to reduce the phase velocity of the travelling wave in the waveguide to 
less than the velocity of light. This permits the coupling of the travelling wave energy 
to the electrons under acceleration. The phase velocity of the travelling wave varies 
linearly with the spacing between this irises, thus, close iris spacing means smaller 
phase velocity. On the other hand, because the axial electric field in the waveguide 
accelerates the electrons, iris spacing must be increases along the length of the 
waveguide so that the microwave phase velocity increases in synchrony with the 
electron velocity thus establishing phase stability. Eventually, as the electron velocity 
approaches the velocity of light, iris spacing becomes constant. Consequently, 
electrons injected into an iris loaded cylindrical waveguide of proper dimension are 
accelerated to kinetic energies which depend upon the magnitude of the axial electric 
field and the length of the accelerating guide as in equation 2.1 
14 
2.2.2 Operation of medical linear accelerator 
The following is a description of the operation of a typical travelling-wave 
medical linear accelerator. This description is best provided by reference to figure 2.1 
which depicts, schematically, the basic components .The basic accelerator may be 
divided into three major components: the microwave power supply component, the 
electron injector and accelerator section, and the gantry and treatment head 
components. 
"Tbe microwave power is provided by an oscillator, which supplies 3000 MHz (in S-
band accelerators), low power microwaves, and a microwave amplifier ( Klystron or 
megnetron). Pulses from a 100 Hz oscillator, which serves as a traffic director in the 
acclerator, control a modulator which in turn controls a high power switching device 
called a thyratron, the thyratron transfers high voltage DC power to the klystron or the 
magnetron. At the same time the 3000 MHz oscillator delivers microwaves to the 
megnetron or the klystron for amplification. The amplified microwaves are 
transported to the acceleration section by means of rectangular waveguides filled 
with a dielectric gas such as SF6 • 
The acceleration section consists of iris loaded cylidrical waveguides. Electrons 
are injected into the acceleration guides by an electron gun which delivers electron 
pulses at repetition rates also controlled by the 100 Hz. The electrons are then 
accelerated by the amplified 3000 MHz microwaves travelling through the waveguide. 
The increase in electron momentum is given by 
dPe - a dt = e Eoz Bo (aI) cos u (2 .2) 
where dpjdt is the time rate of change of the electron momentum, Eoz is the amplitude 
function for the axial electric field, Bo(ar) is a modified Bessel function of the 
argument ar where the variable r describes the radial dimension in the accelerating 
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Figure 2.1 Functional block diagram of a linear accelerator 
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cylindrical waveguide, and e is the phase angle. The final electron kinetic energy, as 
can be seen from the above expression, is a function of the time the electron 
experiences the influence of the electric field and hence total waveguide length, the 
magnitude of the axial electric field, and of the value of the cose term which has to 
do with the phase coupling of the travelling waves in the guide. 
Accelerated electrons enter the gantry and therapy head selected of the linac 
where the beam undergoes the necessary modifications required to produce an electron 
or bremsstrahlung beam. The gantry contains a series of bending magnets and 
quadrupols that transport, and steer the electron beam and analyze the energy. The 
gantry also serves to support the therapy head which contains components such as the 
variable collimators, the bremsstrahlung target and beam flattening filter. 
Upon entering the g~ntry, the electron beam energy is analyzed by means of a 
bending electromagnet and energy slit system. for a given magnetic field, electrons 
possessing certain discrete energies are deflected through some definite angle. Only 
electrons with energies within a certain percentage of a mean energy are transmitted 
through the energy slit opening. Microwave power is controlled by a servo energy slit 
system such that the electron beam energy is always adjusted to the energy appropriate 
for transmission through the slit. Electron endpoint energy selection determines the 
magnetic field intensity by establishing the magnet deviation current. The resultant 
electron beam energy, E, is given by 
( E2 + 2 mc2 E) 1/2 = B e r (2. 3) 
where mc2 is the electron rest energy, B is the magnetic induction, and r is the 
electron orbit radius. After the energy analysis, the electron beam is 
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redirected by means of additional bending magnets to a direction perpendicular to the 
acceleration waveguide the beam then enters the therapy head. 
The linac therapy head contains the elements that perform the final beam 
modification prior to its exit from the accelerator. These are the fixed and variable 
beam collimators which restrict the beam size, a removable target which allows 
bremsstrahlung beam production, a beam flattening filter which creates a uniform 
beam intensity in a plane perpendicular to the beam axis, and an ionisation chamber 
system whose purpose is to monitor beam position and intensity. Figure 2.2, 2.3 shows 
the therapy heads of the Philips SL-25 and the Varian 2100c machines. 
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Figure 2.2 Philips treatment head [KAR93] 
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The ionisation chamber system consists of two pancake type ionization chambers 
eachdivided diametrically in two. The signals f~om each of the four halves are used 
as input to servo controls for beam steering magnetic quadrupoles, located in the 
gantry. These act to centre the beam. In addition to other uses, the ionisation 
chambers' current' is compared to a standard current suply and the electron gun current 
is automatically adjusted so that the beam intensity remains constant. Finally, the 
ionisation chambers serve to monitor the total integrated radiation dose delivered. 
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Chapter 3 
THE BREMSSTRAHLUNG SPECTRA 
3.1 Introduction 
Bremsstrahlung is electromagnetic radiation produced when a charged particle 
, ego an electron, is accelerated in the Coulomb field of a nucleus. The bremsstrahlung 
process is described schematically in figure 3.1. An electron of charge e· and initial 
kinetic energy Eo is decelerated during an encounter with a heavy nucleus of charge 
+Ze, the electron interacts with the charged nucleus via the Coulomb field, transferring 
momentum to the nucleus. The electron is deflected producing a photon of energy k. 
The energy k of the photon is the difference between the electron's initial energy 
and its fmal kinetic energy E , that is 
k = E-E o (3.1) 
Since every change of direction involves an acceleration, then according to classical 
concepts of charge acceleration, it is probable that the deflected electron can have 
essentially an infmite number of kinetic energies between 0, Eo. Therefore the emitted 
photon would also have any energy between 0, Eo . In other words, the 
bremsstrahlung spectrum should be continuous. Using classical electrodynamics 
formulation, the bremsstrhlung spectrum is related to the cross section for production 
of photons of energy k directed into a solid angle dno' by : 
d<t> _ e N do (E o,k) 
dk - <t> a do. dk 
o 
where d<j> is the number of photons of energy between k and k+dk, Na the number of 
the target nuclei per unit volume, da(Eo, k)/dQo dk is the differential cross-section 
for bremsstrahlung production in area per steradian. and <j>e is the number of electrons 
per unit area striking the target. 
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(3.2) 
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Figure 3.1 The bremsstrahlung process. 
The bremsstrahlung cross section describes the relative probability by which the 
bremsstrahlung process will occur. A simple expression for the total (integrated over 
angle) cross section is given by [MA 173] ; 
da(k) 
dk 
Z2 a 702 (E,z,k) 
= --------------k (3.3) 
where Z is the atomic number of the target element, ro is the classical electron radius, 
a. is the fine structure constant, and ~(E,Z,k) is the so-called intensity function. From 
Eqs. 3.2, and 3.3 , it is clear that for a given target, the bremsstrahlung spectrum is 
inversely proportional to the energy of the emitted photon. Also one can see the direct 
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relationship between the photon's energy spectrum and the intensity function ~(E,Z,k). 
A more general quantum-mechanical analysis gives the differential cross 
section of bremsstrahlung production as the transition probability per atom per 
electron devided by the incoming electron velocity in a large cubic box of side L, 
as [BOG66] 
( 3.4 ) 
Po is the initial electron momentum, c is the speed of light in vacuum, Eo is the initial 
kinetic energy of the electron in electron mass units ,mo is the electron mass, and 'h 
is Planck's constant. The transition probabilityco is 
(3.5) 
where <lc is the density of final states[HIE54] and can be given by; 
( 3.6 ) 
where, Pc is the final state momentum of the electron in moc2 units, k is the emitted 
photon energy in moc2, fly is the solid angle in the direction of the emitted photon 
and Qe is the solid angle of the final direction of the electron. 
~r is the matrix element for transition of the system from the initial to the final 
states. I Hif I 2 gives the probability of the transition, and can be expressed as 
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where 'Pi and 'P f are the Dirac wave functions for initial and final state densities. 
a is the Dirac matrix, A is the unit vector of photon polarisation, and 1( is the photon 
wave number defining the direction of emission. The factor L-9 in the above equation 
comes from the normalisation of the initial and final electron functions and emitted 
photon wave function to the box side L. Thus, the differential cross section for photon 
emission, involving an electron with initial energy of Eo, and a photon energy 
interval of k to k+dk, becomes [MIK64] 
( 3.8 ) 
The above expression clearly shows that the bremmstrahlung cross section 
depends on the square of absolute value of the transition matrix element, which in turn 
depends upon the wave functions of the electron initial and final states. Also, the 
expression does not contain any simplifying assumptions and is completely rigorous. 
Therefore, in order to obtain an exact expression for the bremsstrahlung cross section 
, the exact wave functions that describe the electron in the screened Coulomb field of 
the nucleus must be known. However, the Dirac wave equation for an electron in a 
Coulomb field does not have finite solutions because it yields an infinite series 
[BET54,K0f59]. Thus, an approximate wave function must be used in calculating the 
matrix element in the expression of the bremsstrahlung cross section. Also some 
simplifying assumptions must be made in the calculations themselves. Various 
approaches have been made to obtain approximations of the bremsstrahlung cross 
section ,however, these approximations involve two categories; 
a) calculations based on Born approximations, in which the Coulomb field is 
considered a first order perturbation of the electron first state. The electron initial and 
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(3.7) 
fmal wave functions are described as plane waves [BER70]. 
b) extreme relativistic calculations. [OLS59] , where in these calculations, the 
Summerfeid-Mauve wave functions in screened, (atomic electrons screening the 
nuclear charge) Coulomb potential are applied. These wave functions are described 
as plane and spherical waves [BET54}. 
Since the relativistic calculations are limited to electrons with initial kinetic energies 
above about 50 Me V [BOG66] and since the energies of of the therapeutic beams 
considered in the present work are well below this value, only Born approximations 
are discussed here. 
3.2 The Born approximation 
Consider an electron undergoing an iteraction with a nuclear potential V as 
stated before (figure 3.1). If the potential V is small, or if the electron velocity is 
high, such that it spends only a short time in the vicinity of the potential V, then '1'; 
and'¥j in the cross section expression can be treated as free parrticle wave 
functions.The validilty of the Born approximation is dependent on the equalities 
2rrZPt . 
-< -< 1 
137E[ 
(3.9) 
Hence the approximation is invalid for 
1. High atomic number material, i.e V is large. 
2. At low electron energies,i.e the electron spends longer time in the vicinity of the 
potential V and this will lead to larger perturbation. The cross section calculated using 
the Born approximation in this case is lower than the true cross section by about 10 
%[KOC 59]. 
3. At high energies, i.e the time spent by the electron in the vicinity of the potential 
V is much shorter and therfore smaller perturbation is expected. In this case the cross 
section calculated using the Born approximation can be expected to give a value of 
10 % higher than the true value [KOC 59]. 
25 
The most important contributions to the bremmsstrahlung cross section 
fonnulation that is based on the Born approximations are due to Bethe and 
Heitler[BET34], Heitler[Hei54], and Schiff[SCH51]. Bethe and Heitler obtained an 
expression for the bremsstrahlung cross section which is differential in electron angle 
and in photon angle and energy . Their expression was derived on the assumption that 
the field of the nucleus is a pure Coulomb field, i.e , no nuclear screening by atomic 
electrons was considered. 
At large distances from the nucleus the radiative losses are reduced by the screening 
effect of the atomic electrons, and at distances close to the nucleus the finite nuclear 
size of the nucleus reduces the radiative losses. Thus, most of the radiative transitions 
take place at some distance from the nucleus. Therefore, nuclear screening is an 
important parameter which must be taken into consideration, especially in the case 
of bremsstrahlung spectra from high Z targets. Schiff integrated the Bethe -Heitler 
differential cross section assuming complete screening[SCH68]. The Schiff expressions 
have been widely used in the analysis of results obtained with bremsstrahlung spectra 
from high-energy accelerators. 
Schiff started with the Bethe-Heider cross section expression and integrated it 
assuming that ; 
1. the initial and final energies of the electron are large compared to its rest energy. 
2. the Coulomb field of the atom may be represented by the potential, (Ze/r) eor/a, 
where a ~Zl/3 (Thomas-Fermi model). 
3. tenns of the order of (Zl13/C? may be neglected. 
Under these assumptions Schiff obtained the following expression for bremssrahlung 
differentialcross section in term of photon emission angle and energy; 
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where 
0"0= (4 Z2 r! 1137)dk/k 
1IM(x)=(uk/ 2E oE)2 + ( Z l131 111 (x2+1))2 and 
x = Eo e lu 
In the above equation ro' Eo, E and k are as before, Z is the atomic number of the 
target element, u is the rest energy of the electron, and x is the reduced angle of 
emission of the photon which is function of the angle e, in radians, at which the 
photon is emitted with respect to the initial electron direction. When the cross section 
has been calculated, the epression can be substituted in equation 3.2 to obtain the 
bremsstrahlung spectrum. 
3.3 Thick target model 
The discussion presented in the preVIOUS section considered only 
bremsstrahlung from "thin targets" which can be defmed as a bremsstrahlung radiator 
of thickness such that only one electron interaction occurs within it. The shape of the 
thin target spectrum reflects the transition probability between the electron initial and 
final states. Most linear accelerators possess "thick" targets because of the substantially 
larger photon fluences attainable. A thick target is a target of thickness such that many 
electron interactions occur. Such interactions include collisional as well as radiation 
interactions. Figure 3.2 shows schematically, the difference in shape of the 
bremsstrahlung spectra produced in a thin target and a thick target of tungsten. The 
deformation in the thick target spectrum shape is a reflection of the following effects, 
1. electron energy loss 
2. electron multiscattering which broadens the angular distribution of the 
bremsstrahalung spectrum, 
3. straggling, i.e the statistical distribution of the electron energy loss around the mean 
range; using an averge electron energy loss based on the mean range of the 
electron will introduce errors to the calculation based on this assumption. 
4. the attenuation of bremsstrahlung photons in the target material. 
5. photon back scattering. 
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6. multiple photon emission; one electron may undergo more than one radiative 
transition. 
The thick target bremsstrahlung spectra calculations in the energy range from 
about 1 MeV to 50 MeV have been perfonned by essentially using two methods; 
a) Monte Carlo calculations based on two well known computer programmes, 
namely the ITS and EGS series , such as those of Berger and SeIter [Ber70], and 
b) numerical analysis methods such as those employed by Ferdinande [FER71], 
Nordel and Brame[NOR84], and by Desobry and Boyer[DES91, DES94]. 
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Figure 3.2 Bemsstrahlung spectra from a thin and a thick target, 
normalised to equal areas. 
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3.4 Theoretical detennination of bremsstrahlung spectra 
In this work, a PC-based FORTRAN programme was written to calculate the 
bremsstrahlung spectra from thick targets. The numerical analysis used in this 
programme is similar in many respects to that of Femdinande[FER71],and Nordeld 
and Brahme [NOR84], the method is discussed in detail in the following section. 
Figure 3.3 illustrates the structure and the computational procedure of the programme 
3.4.1 Numerical method 
This section describes a simple numerical model which was used to obtain the 
bremsstrahlung spectra produced from a linear accelerator treatment head in the 
forward direction. Figure 3.4 shows a schematic view of the calculation geometry. 
The computational procedure consisted of the following : 
1. the target thickness, D, was divided into n layers of thickness ~d=10-3Xo,[FER71] 
where ~ represents the radiation length of the target material , i.e the distance in 
which an electron's energy is reduced by an average factor of lie when it transverses 
through matter. 
2. an intrinsic spectrum was assumed for each layer, i.e each layer represents a "thin" 
target. 
3. the photons radiated at each layer were attenuated by the remaining layers. 
4. the electron energy in the ith layer , E j , was degraded as a result of interacting in 
the preceding layers. 
5 as electrons penetrate the target, they lose energy, their mean kinetic energy in the 
iith layer can be represented by E j 
6. contributions from each layer, after allowing for electron scattering, absorption of 
the radiation in the target material are added together to fonn the complete spectrum. 
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3.4 Schematic view of the calculation geometry. 
The bremsstrahlung cross section used to compute the intrinsic spectrum from 
each slab was Schiff's cross section differential in photon emission angle and energy 
(Eq. 3. to). For each slab, the intrinsic spectrum was integrated over photon emission 
angles up to that detennined by electron multiple scattering in the slab [HIS 56] . The 
slab thickness had been chosen such that the electron was multiply scattered prior to 
radiation. 
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3.4.2 Photon attenuation 
The emitted photons will be attenuated by the remaining slabs, while they traverse 
the rest of the target; in order to take that into account, a factor ,a, of the following 
fonn was used, 
a(k) = eXIl -~(kXD-di)] (3.11) 
where a(k) is an attenuation factor expressed as a function of photon energy for slab 
i, ~ is the depth of the present slab. Jl(k) is the total attenuation coefficient of the 
target material, as function of photon energy k. 
3.4.3 Electron mean energy 
When electrons traverse through matter, they lose energy and change their 
direction of motion. The energy losses can be due to ionisation and radiation effects 
. The changes in the direction of the electron motion are the result of collisions with 
the target atoms which in turn lead to further energy losses because of longer 
trajectories. Finally, the electron kinetic energy in the ith slab, Ei , is determined by 
the formula; 
E. = E - Ild (dE)£ i=l 
I 0 2 dS 0 
(3.12) 
Ild dE E. = E - (-)E 
I 0 2 dS i-l 
cose i-I 
i = 2,3, ... 
where (dE/dS)Ei is the mean energy losses of electrons per unit length including the 
ionization and radiation losses as in the following ; 
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(3.13) 
In the present work , the total mass stopping power was obtained by fitting a 
polynomial expression to the data of mass stopping powers of Berger and 
Sitlzer[BER84]. 
where 87-1 is the root mean square angle for electron scattering up to the i-I th slab. 
3.4.4 A"gular distribution of electrons 
Because of spreading of the electron beam due to scattering, the forward 
electron fluence is also reduced as a function of depth. . This scattering in each slab 
may be approximately modelled by[DES91,ICR84] 
_ E2 _ 
6.2 = ( S ) ed. +6 2 
I El p4 Xo I 0 (3.14) 
Here, e~ is the root mean square angle of the multiscattered electrons in slab i, 
P=(Ej(E j+2u»)112/(Ei+u) is the electron velocity in units of c, Es has a constant value 
of 21.2 MeV, Xo is the radiation length for the specific target material., values of 
radiation lengths for various materials often used as target materials in LINACS are 
given in Table 3.1. p is the density for the target material.. The constant ~ models the 
mean-square angle of scattering of the electron beam incident on the target. The angles 
were summed in quadrature because, they essentially represent measures of electron 
dispersion. 
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Table 3.1 Values of radiation lengths of some target materials 
target density p radiation length radiation length 
material ( g·cm-3) (cm) (g·cm-2) 
Iron 7.87 1.76 13.84 
Copper 8.96 1.44 12 .. 86 
Tungsten 19.3 0.35 6.76 
Gold 19.32 0.33 6.46 
Lead 11.35 .56 6.36 
Assuming a Gaussian distribution of the multi-scattered electrons, the fraction 
of the electron fluence remaining within a small angle Wi about the forward direction, 
at depth ~ can be approximated by : 
(3.15) 
More models for multi-scattering may be found in reference [BER70]. In the target 
, the electrons undergo a diffusion process in which the electron angular distribution 
remains approximately cos29 i for which 9~=.5388 radians in these slabs 9~ (as given 
by Eq.3.14) was limited to .734 radians. 
3.3.4 Electron transnlission coefficient 
The fraction of the incident electron fluence which reaches the ilh slab was 
calculated using a formula given in reference [TAB7S] : 
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1+exp(-S~ 
d 
1 +exp[(So +2)(_i )-So1 
Rex 
(3.16) 
where 'ti is the fraction of the incident electrons flWCnce reaching the ith slab, 
So=atexp[-aJ(1+b5't~)], 'to=Ejmec2, at=b/ZllZ, ~=b.3Zb4, bi (i=I,2,3,4,5,6) are constants, 
(Table 3.2). 
Rex is the extrapolated range of the electrons and can be obtained by 
R =.565( 125 ) E - 0.423 ( 175 ) 
ex Z+112 0 Z+162 
(3.17) 
the remaining variables have been defined previously.The above expressions are the 
result of curve fitting to experimental data for electron energies from 8 ke V to 30 
MeV by Tabata and Ito[TAB75]. 
Table 3.2 Values of the constants bi 
1 bi 
1 10.63 ± 0.860 
2 0.232 + 0.027 
3 0.220 + 0.041 
4 0.463 ± 0.046 
5 0.042 ± 0.018 
6 1.860 ± 0.290 
The resulting photon spectrum was obtained by summmg the photon 
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contribution from each slab uSlllg 
n 
N(k) = E Ni 't i (3.18) 
i=l 
where N(k) is the total number of photons of energy, k in the spectrum. The 
summation is over all slabs. 'tj is the transmission factor of the ith slab and Ni is the 
number of photons of energy k contributed by the ith slab ; 
(3.19) 
where, da(k) is the bremsstrahlung cross section in cm2 , ~ the photon attenuation 
factor, and ~ is the number of the target nuclei in the ith slab; 
(3.20) 
NA is Avocradro's number, A is the atomic mass of the target, the rest as before. 
o 
The results of this programme are discussed in section 3. 6. 
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3.5 Monte Carlo Calculations 
The Monte Carlo method is a technique that depends on the random sampling 
of probability distributions that model physical processes. The basic principle of the 
technique is as follows. If there are n exclusive, independent events E1, ....... ,Eu with 
probabilities Pl' ...... · ....... 'Pn such that Pl+P2+ ......... +Pn =1 and a random number ~, 
O~~~l, is chosen so that 
Pl+P2+···· .. · .. +.Pi-l< ~< Pl+P2+········.+Pn 
Thus ~ determines the events E j • If we assign variable x such that O~<n then i-
l~<i represents the event Ei . \Ve define a probability density function p(x) such that\ 
p(x)=Pi 
and the probability distribution function 
x 
p(x) = J P(t)dt = , 
o 
A random number uniformly distributed between 0 and 1 defmes x with a frequency 
Pi' and so detennines the event Ei . Therefore, in order to model a physical process 
the probability distributions associated with any possible event taking place must be 
determined. 
The general principles of Monte Carlo have been the subject of many reviews 
and publications by workers such as Berger[BER 71], Carter [CAR 75], and James 
[JAM 85]. Detailed description of the technique can be found in these reviews. Also 
Monte-Carlo based methods have been used successfully in many fields of radiation 
physics 
In the case of particle-1Tansport problems, the Monte Carlo technique can be 
regarded as a mathematical simulation or modelling of the actual particle behaviour 
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(3.21) 
in mater by sampling the probability distribution functions pertinent to their possible 
interactions with that matter. As the particles leave their origin or source ( point of 
incidence or point of emission ), their migration through the medium is followed or 
'tracked' and their properties, e.g energies, directions, etc are recorded at sites ( 
interaction centres) or boundaries of interest. Contributions from many particles are 
analyzed to give a statistically significant estimate of a desired result or information 
( just as in actual experiment). 
A number of Monte Carlo based computer codes have been written over the 
years to be used in simulations of particle transport phenomena. Most of these codes 
have been adopted in clinical environments. Table 4.3 lists some of these codes with 
a short description. In this work ITS was employed to simulate electron and photon 
transport in thick targets that are often found in medical linear accelerator heads. 
A summary description of the code is in the following section. 
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Code Reference 
EOS [ROG 84], (BrE 89] 
ITSa [HAL 84], [HAL 88] 
MCNP ICAS 73], [BRI 86] 
MORSER [STR 76], [EMM 85] 
a) used In tins work 
Table 3.3 Monte Carlo Computer codes. 
General description 
Transport of electrons and photons in any material through user supplied 
geometry. Requires development of a user-code. 
Transport of electron and photons in any material through multigeometry. Family 
of 8 codes with varying geometry(slabs,cylindrical or combinatorial ) 
Continuous-energy coupled neutron / photon transport in arbitrary configuration of 
materials using generalised geometry. 
Multigroup neutron and gamma ray transport. very often used to solve shielding 
problems. including time dependence; it uses combinatorial geometry to handle 
complex geometry. It has been used in calculation photoneutron flux distribution 
in Linacs treatment rooms. and in designing such rooms . 
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3.5.1 ITS 
The INTEGRATED TIGER SERIES (ITS) is a series of time independent 
coupled electron - photon Monte Carlo transport codes [GEN88] . It is designed to 
provide a state of the art description of production and transport of the electron -
photon cascade (in a multi-material and a multi-dimensional medium) by combining 
microscopic photon transport with a macroscopic random walk for electron transport. 
ITS consists of three main codes, namely TIGER, CYLTRAN and ACCEPT, which 
can be used to simulate electron and photon transport in plane parallel slabs, 
cylindrical geometry, and in more complex geometry using a combinatorial geometry 
technique. ITS also contains special versions of these codes called P-codes and M-
codes. 
ITS solves linear time independent coupled electron / photon transport 
problems by the use of the 80- called condensed history model [ BER 63, AND 91], 
which facilitates rapid salllpling of electron transport through matter from the 
Goudmit-Saunderson multiple-scattering angular distribution [GOU 40, BER 71]. and 
Landau energy-loss distribution modified by Blunk and Leisegang[BER71]. The 
structure of the ITS system [HAL 92] can be divided into three modular parts as 
shown in figure 3.5 
l.A database (XDAT A) library . This is a data library containing information on : 
a) Electron cross section from 1.0 GeV down to 1.0 eV. 
i) collision stopping powers as in ICRU Report 37 [ICR 84] which was determined 
according to the Bethe stopping power theory, including the calculations of the 
density effect conection based on the Stemheimer model [STE52] with atomic 
binding from Carlson [ CARL 75] 
ii) bremsstrahlung production cross sections differential ill energy of the emitted 
photon 
iii) radiative stopping powers which were obtained by integrating over the differential 
bremmsstrahlung cross section. 
The development of these data is discussed in detail by Seltzer and Berger [SEL85, 
SEL86]. 
b) photon cross sections from 1.0 keY to 1.0 GeY 
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This database allows the inclusion of coherent scattering and binding effects for both 
coherent and incoherent scattering in photon transport. Photon cross sections are 
generated through the combination of incoherent scattering cross sections from 
Hubbell et al [HUB75, HUB77], coherent scattering cross sections from Hubbel and 
Overbo [HUL 69] photoelectric-absorption cross sections from Scofield [SC073], and 
pair production cross sections from Hubbell et al. [HUB 80]. 
2. A cross section generator (XGEN) . 
This programme produces data for electrons and photons from the above database 
library for a particular material and energy specified by the user as input. This input 
includes infomlation about the target material 
such as structure of the target, its chemical composition, and the maximum energy 
of the incident electron or photon. The generated data (the output of this programme) 
includes; 
a)the collision, radiative ,and total stopping powers of electrons for the target 
material, b) the electron range assuming a continuous slowing down approximation, 
c) bremsstrahlung efficiency for the target, d) multiple electron scattering distribution 
assuming the Mott cross section corrected for screening by Moliere [MOL48] and t) 
photon attenuation coefficients. 
3. Monte Carlo codes ( TIGER,CYLTRAN,ACCEPT). 
These codes perform the actual 1vlonte Carlo process for a particular problem 
specified by the user as input and the infomlation supplied by the cross section 
generator. The user input usually contains: 
a) infinnation about the geometry of the target such as number of material layers 
in the target, number of zones in each layer, thickness of each layer. 
b) information about the incident radiation (source), these include the type of the 
source photon or electron , the energy of the ele·ctron or the photon , etc. and 
c) information to be used in the ,l'v1onte Carlo process such as the number of batches, 
number of histories, bremsstrahlung scaling, energy cutoff for the electrons, and the 
photons. 
These codes, then,use the data generated by the cross section generator to calculate 
the electron and photon spectrum at various points within the target, as well as the 
deposition of charge and energy. The electron u'ack is divided into segments and 
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those in turn to short steps. At the end of each step a new direction of motion is 
chosen by sampling a multi electron scattering distribution of motion. The electron or 
photon history is folowed until it reaches a mini urn energy (cutoff energy which is 
usually chosen by the user) or escapes from the geometery of the problem. Also the 
following secondary histories are followed : 
i} knock on electrons ii) bremsstrahlung photons and iii) characteristic x-rays 
The procedures of tracking of electron or photon transporting through matter and 
calculation steps involved in Monte Carlo simulation are shown in figure 3.6. 
3.6 Results 
Spectra with maximum photon energies 6, 15, 20, and 25 Me V were simulated 
using both the programme based on the thick target model we suggested in the 
previous section, 3.4 and ITS Monte Carlo code. These spectra represent the 
bremsstrahlung produced from electrons incident on tungsten targets of 4 mm (one 
radiation length) lightly filtered with a small thickness of tungsten. For a maximum 
energy of 15 !v1eV a tungsten target of .635 mm filtered by 7.987 mm of copper was 
taken to represent the Varian 2100C 15 MY beam. The results of the simulation are 
shown in figures 3.7, 3.8, 3.9, and 3.10. By comparing results of the two programmes, 
one can see that the results obtained llsing the thick target programme suggested here 
are compatible with the results of ITS simulation within an error of about 10 % for 
photon energies higher than 1 Me V. However, there are big discrepancies at photon 
energies less than 1 MeV. These discrepancies are due to the fact that the thick target 
model presented here neglects several effects that contribute to the actual energy 
spectrum of a linear accelerator. Among these are ij the electron spectrum within the 
target, ii) Compton scattering of off-axis bremsstrahlung photons in the target or 
flattening filter back into the forward direction and iii) neutron production. 
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CHAPTER 4 
DETERMINATION OF BREMSSTRAHLUNG SPECTRUM 
USING FOIL ACTIVATION TECHNIQUE 
4.1 Introduction 
The photon spectrum produced in medical linear accelerators and used for 
tumour therapy was measured using foil activation techniques. The machine 
employed is the linear medical accelerator SL-25, PHILIPS, installed at the 
Walsgrave Hospital Radiotherapy Centre in Coventry, U.K. A number of foil sets, 
with different energy thresholds, were irradiated at different points inside a 400 
mm by 400mm treatment field at a nominal dose rate of 400 MU, (-4 Oy min-I), 
and photon energy of 25MV at the machine's isocentre. The induced activity of 
each foil was measured using a NaI (TI) detector and a PC-based multichannel 
analyzer. The spectrum of the photons was unfolded using the computer code, 
LOUHI82.The relative changes in the spectrum across the treatment field, were 
also measured using foils placed at 2.5°,5°,10°,13° on both sides of the central axis 
of the treatment field.. The experimental arrangement, methods used to obtain the 
spectra, results and implications are discussed below. 
4.2 Theory of photonuclear reactions 
A photonuclear reaction, or nuclear photoeffect , is an interaction in which a 
photon is completely absorbed by a nucleus. The result of this type of interaction is 
the emission of one or more nuclear constituents. It may be represented by 
x + y-4b + Y (4.1) 
where X is the target nucleus, y represents the incoming photon, b is the emitted 
particle, and Y is the residual nucleus. Frequently the definition of a photonuclear 
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reaction is restricted to include only those processes in which the emitted particles are 
either protons such as (y,p), (y,2p), etc, neutrons such as (y,n) , (y,2n,), etc. or 
aggregates of protons and neutrons, such as (y,np), (y,2np), (y,o.), etc. 
Only photonuclear reactions in which the emitted particles are neutrons are 
considered in the discussion presented here. 
Photonuclear reactions are endoergic, that is, energy is required to initiate the 
reaction. The minimum amount of energy which can initiate the reaction is called the 
threshold energy A photonuclear reaction is allowed energetically only when the 
photon energy equals or exceeds the reaction threshold. A photonuclear reaction's 
threshold energy can be obtained from equations of energy and momentum 
conservation. For reaction X(y,b)Y, the threshold energy ~ will be given by 
(4.2) 
where Mx is the mass of the target nucleus, c the speed of light, and ~b' the binding 
energy of the emitted particle, is given by 
(4.3) 
where Sb is the emitted particle's separation energy and E; is the excitation energy of 
the residual nucleus. The separation energy Sb may be calculated using the following 
formula 
(4.4) 
where, ~Eb ,~Ey, ~Ex are called the mass decrements of the emitted .particle, 
residual nucleus, and target nucleus, respectively. Typically threshold energies of these 
reactions exceed 8 MeV, as in table 4.1. 
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The probability with which a photon of a determined energy will undergo a 
specific photonuclear absorption process per unit length in a certain absorber is 
indicated by that reaction's" cross section" usually given the symbol 0". Thus a 
particular photonuclear reaction will have a specific probability or 0" at a specific 
incident photon energy. The trends in photonuclear cross sections as a function of 
photon energy are shown in figure 4.1 for some of the reactions utilized in this work 
to measure the photon spectrum. 
As the photon energy k, increases for several Me V above the threshold 
energy, the cross section increases and reaches a maximum value . Then decreases 
with further increases in the photon energy. As a result the shape of the cross section 
as function of the photon energy becomes a broad peak. This broad peak is 
commonly referred to as the' Giant Dipole Resonance' and is very characteristic of 
reactions of this type. The general characteristics of the giant dipole resonances have 
been discussed in many works such as those by Strauch [STR 53], and Hayward[ 
HA Y 63].The photon absorption in this region is due mainly to the electric dipole 
interaction[LEV 50]. The physical mechanism of this process can be described as one 
in which the electric field of the photon transfers its energy to the nucleus by inducing 
an oscillation in which the protons as a group move oppositely to the neutrons. In this 
region the cross section, 0", can be represented as a Lorentz shaped resonance line of 
rwidth. Thus 
(4.5) 
where am is the maximum value of the cross section and ~ the energy at which that 
maximum occurs. The cross section has a large maximum at photon energies of 
approximately 20-23 MeV for light nuclei (atomic mass < 40) and 13 to 18 MeV for 
medium and heavy nuclei. The resonance width, I, falls in the 4 to 8 Me V range as 
the atomic number increases. These parameters are shown in table 4.1 for some of 
materials of interest. 
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used in the determination of the photon spectra. 
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The integrated or total cross section ( the area of the giantresonance) can be 
approximated by the classical value of the dipole sum rule, 
.058 N Z 
A (MeV-Barns) (4.6) 
where, ~ is the threshold energy for the photomeson reaction, N is the number of 
neutrons in the nucleus, and the rest of the terms as before. 
The representation by the Lorentz shaped resonance line does not take into account 
nuclei which exhibit quadripolar and multipolar properties. This leads to some 
deviation of the integrated cross section from the dipole sum rule, especially for nuclei 
with high atomic numbers, where these effects are more prominent. 
Table 4.1 Parameters of giant dipole resonance for some nuclei[DIE88]. 
Nuclei km (MeV) ~ O'm r awt 
(MeV) (mb) (MeV) (MeV-mb) 
1~ 18.72 23. 7 5 29.4 
27Al 13.03 22 14 11 107 
na~u 9.91 17 70 7 635 
1~ 7.27 14 400 6 3004 
187Au 8.07 13.82 560 3.84 2967 
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4.3 Choice of method 
The photoactivation technique is based in taking advantage of the energy-
dependent cross sections of photonuclear reactions which are mainly (y,n) reactions 
and the radionuclides produced as a result of these reactions. Some of these reactions 
along with their physical parameters are shown in table 4.2. In this work different 
sets of foils, i.e one set for each particular photonuclear reaction threshold, were used 
to measure the photon spectrum produced by the SL-25, Philips machine. The choice 
of these foils was based on the following criteria; 
1. The isotope must have a relatively high interaction cross-section. 
2. The specific isotope that is to be made radioactive must have a high natural 
abundance, say greater than 10%. 
3. The material of the foil should be chemically stable and should have high chemical 
purity to avoid interference reactions 
, 
4. The half life of the daughter nucleus should be comparable with the irradiation 
time. 
5. The isotope produced should emit gamma rays of known energy and branching 
ratio. 
6. In order to measure the induced activity accurately using a NaI(Tl) detector, the 
emitted gamma-ray spectrum should not be too complex. 
7. Competition between (Y,n) and (n,Y) reactions for the production of the same 
daughter nucleus, as shown in figure 4.2, should strongly favour the (Y,n) reaction. 
The method for determining the photon spectrum by photonuclear reactions is 
the same as that for a neutron spectrum. However, the physical characteristics of the 
photonuclear reactions differ from those of neutron reactions. We can notice the 
following three major differences. 
a) the shape of photonuclear cross section, as stated before has a giant resonance 
peak. 
b) the photonuclear reactions which can be utilized in determination of the photon 
spectrum have a threshold energy more then 6 MeV with exception of 115In(y,y)1l5mln 
reaction. 
c) The daughter nuclei produced by photonuclear reactions has either short or very 
long half-lives. 
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Table 4.2 Photonuclear reactions for high energy photon spectra determination 
Threshold Half-life y-energy Py 
Reaction Energy TI/2 (keY) (photons/dis.) 
(MeV) 
12C(y,n)llC 18.7 20.34 min 511.0 2.000 ±.OOl 
19p(y,nY8p 10.4 109.80 min 511.0 1.940 ±.OOl 
3~(y,n)38K 13.1 7.63 min 511.0 2.000 ±.OOI 
54Pe( y,ni3Pe 13.4 8.51min 511.0 1.960 ±.040 
58Ni(y,n)57Ni 12.2 36.00 h 511.0 0.934±.0200 
1370.0 0.860±0.010 
59CO( y,n)58Co 10.5 71.30 days 810.6 0.9947±O.010 
65Cu(y,n)64Cu 9.9 12.75 h 511.0 0.380±0.004 
75 As( y,n) 74 As 10.2 17.79 days 511.0 .5900 ±.OOI 
89y(y,n)88y 1.5 108.10 days 898.2 0.915±O.010 
89y (y,2n)88y 20.8 80 h 388.4 1.000±0.002 
483.5 0.9977±O.002 
9Ozr(y,n) 89Zr 12.0 78.4 h 910.0 1.000±0.005 
93Nb( y,n)92Nb 8.8 16 days 934.0 0.991±O.010 
115In(y,y,)115mln 1.0 4.48 h 335.0 0.475±O.005 
115In( y,n) 114m 9.0 50. days 191.6 0.164 ±0005 
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4.4 Experimental facility 
The experiments were carried out on the linear medical accelerator SL-25, 
Philips beam of 25 MY nominal energy installed at the Walsgrave Hospital 
Radiotherapy centre in Coventry. The Philips linear accelerator SL-25 is a high energy 
radiotherapy machine that produces two photon beams and several electron beams. 
The two photon beams include a low energy mode selectable between 6 and 25 MY 
and a high energy mode between 16 and 25 MY. The electron energies are selectable 
from 4 to 22 MY. This series of Philips linear accelerators use travelling wave type 
of waveguide mounted through a rotating drum gantry. A 5 MW magnetron provides 
the rf-power to accelerate the electrons down the waveguide. The electrons then pass 
through a "slalom" beam bending system which consists of three in line beam 
bending electromagnets. The first magnet acts as an energy selector and bends the 
beam of electrons through an angle of 45° It disperses the beam in this process with 
high energy electrons on the one side and low energy electrons on the other. In order 
to transmit the desired mean energy electrons, the beam current is adjusted by passing 
through the second magnet . The second magnet also reverses the 45° deflection of 
electrons , starting the focusing action in two orthogonal directions, as the electrons 
enter the third magnet, This magnet bends the electron beam through 112° and directs 
it on a small area of the x-ray target or electron window. The same target is used for 
both high and low energy x-ray beams. In the low energy mode an iron futer is used 
to flatten the beam. The energy mode uses two flattening filters and an aluminum 
beam hardening filter to flatten the beam over the complete range of field sizes. The 
collimation of the beam is achieved using a set of orthogonal photon jaws, allowing 
field sizes up to 400 mm x 400 mm. Both sets of jaws provide field off set facilities 
for asymmetric fields. The upper set of collimators can define fields up to 125 mm 
beyond the rotational axis of the collimators at nominal 1000mm source axis distance 
(SAD). 
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4.4.1 Irradiation arrangement 
A number of foil sets, each with different photoreaction thresholds were used 
to measure the photon spectrum at different positions in both radial and transverse 
directions within the 400mm by 400mm treatment field. The foils were positioned in 
the radiation field at off-axis angles of + 2.5, ±5,±10, and +13 degrees.The irradiation 
was performed using the 25 MV photon beam. The foils, were exposed to a dose rate 
of 400 MU. The irradiation setup is schematically shown in figure 4.3. Before each 
irradiation run, the foils were fixed onto a thin perspex tray which was especially 
prepared for this purpose. The tray had an area of 400mm by 400mm in order to cover 
the widest treatment field obtainable for most of the existing Linac machines. 
Reference lines were drawn so that spatial information would not be lost and 
positioning of each foil would be known accurately. Since each foil would introduce 
a distortion in the photon spectrum in its close vicinity, great care was taken in putting 
a reasonable distance between each foil. In order to minimise the time spent in the 
removal of the foils from the tray after each irradiation run masking tape was used 
to fIX them on to it. 
When all foils were fixed in their position, the tray was transported and placed 
carefully on the treatment couch in the plane of irradiation with its centre 
corresponding to the iso-centre of the beam. Time of irradiation was chosen according 
to the half-life of the product daughter radio nuclide to be measured. For radiation 
protection reasons, a short time was allowed to elapse for access to the Linac 
treatment room in order to allow activity in the treatment room to decay at the end of 
each irradiation interval. The tray was then transported out of the irradiation area and 
since some of the radionuclides of interest had very short half lives, care was taken 
to minimise the time between the end of each irradiation and the start of the counting 
period, i.e waiting time lw. 
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4.4.2 Detection system 
The system,we employed to measure the gamma-ray spectrum consisted of a 
NaI(Tl) coupled to a PC-based multichannel card analyzer [ NUCLEUS PCA-II] via 
CANBERA spectroscopy amplifier as shown in figure 4.4. The detector had been 
calibrated beforehand using several standard point sources. The detector absolute 
efficiency was also determined using the point sources for detector to source distance 
of 250 mm , figure 4.5. 
Pb Shield -----H 
NaI(Tl) ------flf----
Detector 
irradiated _#-_ 
foil 
Holder _---+J---
Preamp 
I 
Amp .. 
H. V 
Supply 
' ______ -----------
Figure 4.4 Block diagram of the garruna spectroscopy system 
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figure 4.5 Aboolute efficiency of the NaI (11) detectoc used for iX>int 
source geometry at 250 mm source- detector distance. 
It was decided to use a 76.2mm by 76.2mm NaI(TI) detector since the detector 
itself would be easy to transport and did not require a source of liquid nitrogen at the 
hospital as would a Ge detector. Although this detector offered very high e~ficiency 
its poor resolution placed a considerable restriction on the use of radionuclides with 
multienergy gamma-ray lines and meant that the foils used should be chosen so that 
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ideally they would only have one full energy photopeak within the detector's full 
width at tenth maximum. The counting time tc was preset to an appropriate live time, 
and this automatically corrected for the dead time( the dead time was always less than 
1 %). Figure 4.6 shows obtained gamma ray spectra for indium and copper foil used 
in the present study. 
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4.5 Calculations of induced activities 
The spectra collected by the gamma-ray spectroscopy system were then 
individually analyzed. The ftrst problem was the accurate location of each full energy 
photopeak of interest. Because of the broadness of the peaks obtained by the NaI(Tl) 
detector. In some cases when it was difftcult to locate the full energy peak channel 
number accurately, the peak channel number was obtained by fttting the photopeak to 
a gaussian function. The photopeak area was then estimated by taking the full width 
at tenth maximum at the start and at the end of each peak. A simple significance test 
was then carried out using the relationship that 
if S ~ 2~B then the peak was considered to be of statistical signiftcance, where S 
denotes the full energy peak area and B is the background and scattered component 
under the peak, figure 4.7. The counting precision was also calculated for each peak 
according to 
Precision = JS+2B 100 % 
S 
The induced activity was then calculated using the following; 
where, 
No is the number of nuclei of the chosen isotope in the foil used. 
/... is the decay constant for the daughter nucleus. 
lirrr is the irradiation time. 
(4.7) 
(4.8) 
aCE) is the photonuc1ear cross-section for the particular photoreaction at energy E. 
<t>(E)dE is the flux in the energy interval between E and E+dE. 
and the integral; 
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gives the reaction rate per target nucleus. 
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Figure 4.7 A typical full energy photopeak. 
After a delay time of l:w the induced photoactivities are counted for a period of time 
tc' The number of disintegrations during tc is given by; 
N = No (l-e -At'") e -Ate (l-e -At"') • R 
C A 
and the number of y-rays of interest detected is 
(4.10) 
(4.11) 
where t::a is the absolute detector efficiency for the specific 'Y-ray energy emitted by the 
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(4.9) 
daughter nucleus and ly its intensity. Therefore, the reaction rate can be given by; 
R= (4.12) 
4.5.1 Determination of the absolute efficiency 
The efficiency values determined in the previous section, were for simple 
geometry of a point source placed at distance of 250 mm from the detector face. In 
the foil procedure the detection geometry was different since the foils have a shape 
of thin circular discs with finite dimensions and can not be considered as point 
sources. Also they were not at the same distance. It was , therefore, necessary to 
determine accurately the efficiency values for the foil geometry and to take into 
account the different solid angles subtended by the detector from the foils.. A Monte 
Carlo based programme was written to calculate the solid angles for each foil and 
for each particular gamma ray energy. The programme structure and its mathematical 
model have been discussed in reference [KHR87] The programme also takes into 
consideration the attenuation of gamma rays within the foil, in the aluminium widow 
of the detector, and in the NaI(TI) crystal itself. The absolute efficiency ea was then 
determined using the following expression[MOE83, GAR 71]; 
F OF e = e P-
a a ° o 
were, £~ is the photopeak efficiency for a given gamma-ray energy of point source 
geometry which was used to calibrate the detector at detector-source distance of 250 
mm. 
Q o is the solid angle for the reference geometry. 
QF is the solid angle subtended by the detector at the foil. 
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(4.13) 
The systematic errors in the calculated induced activities, which are due to 
peak determination, sum effects, foil weighing , gamma ray intensity , gamma 
attenuation, half lives and detection efficiency mounted to a total uncertainty of 3 
to 7 % . The errors associated with the counting itself were taken to arise solely from 
counting statistics. Other possible errors associated with counting might be caused by 
electronic drift due to temperature variations or high voltage supply fluctuations. The 
temperature in the room in which the counting produces were performed was stable 
to + 1 % over a one day period and the high voltage supply was very stable. 
Table 4.3 Calculated values of sold angle and absolute efficiency for foil 
counting geometry for some of the foils used in the present study. 
Nuclide Gamma ray eP flp 
eF a 
of interest energy (sr) a 
Foil (keV) 
In 115mIn 335 0.00483 3.824 0.166 
Cu 65CU 511 0.00369 3.866 0.128 
Fe 53Fe 511 0.00369 3.886 0.129 
Ni 57Ni 511 0.00369 3.574 0.119 
Ni 57Ni 1370 0.00133 3.444 0.041 
Co 58CO 810.6 0.00243 2.777 0.061 
Au 196Au 355.7 0.00467 3.272 0.138 
Au 196Au 426 0.00419 3.310 0.132 
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4.6 Spectrum Unfolding 
4.6.1 Formulation of the problem 
In principle, simultaneous measurements with several activation detectors 
(foils), whose response to the photon field, i.e cross section ,are known over a 
wide range of photon energy, may give information on the variation of the flux 
with photon energy, i.e the photon spectrum. The induced activity of the ith nuclide 
is given by 
Emax 
Ai = J aA>(E)dE for i = 1, 2, 3, ... m (4.14) 
Eth 
where 
Ai IS the measured activity of the isotope produced by reaction i normalised 
per single nucleus, 
O'i(E) cross section for reaction i, 
<1> (E) is the spectrum flux to be solved, and m is the number of threshold 
reactions used. 
Equation 4.14 is a degenerate case of the Fredholm equation of the frrst kind, 
which arises in many unfolding problems of this nature, and represents a system of 
integral equations which does not generally have a unique solution even if the 
experimental errors are neglected. Physically this is due to the fact that some of the 
information contained in it is lost due to finite resolution of the measuring 
device (foil). Therefore, in order to obtain a physically meaningful solution some 
sort of 'a priori' knowledge may be used. 'A priori' knowledge may be related to 
the smoothness, nonnegativity or shape of the solution[ROU80]. 
The solutions of equation 4.14 can be classified into exact, approximate and 
appropriate. The exact solution satisfies the equations exactly but may have an 
unphysical shape, the approximate solution satisfies the equation only with 
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reasonable accuracy. and the appropriate solution is a physically acceptable 
approximate solution which in general is not unique either. 
4.6.2 Method of solution 
A number of standard methods can be employed to solve equation 4.14. These 
include 
Parametric or functional representation 
In this method, the spectrum is represented by a functional form. This 
functional representation of the spectrum is based either on theoretical or on 
previous experimental results. Then the parameters in such functional form can be 
determined by matching the measured responses. This method has been utilised to 
determine neutron spectra in nuclear reactor environments[SAN83a,SAN83b]. In 
such an environment a spectrum shape in functional form of E-n is assumed for the 
epithermal spectrum. The slope of the spectrum (in logarithmic scale), the 
parameter n, and possibly other parameters can be easily determined by matching 
the measured responses (flux) in the least squares sense. 
This type of method, severely restricts the form which the spectrum may 
assume. Therefore, it should be used only when these restrictions are well founded, 
or when there is not enough experimental information to use other methods. 
However, this method offers a simple approach to solve the problem stated in 
equation 4.14. It avoids most mathematical complications particular to other 
methods. 
Orthonormal expansion 
In the Orthonormal expansion method, the spectrum is expressed as a sum 
of linearly independent functions 8/E), 
m 
<t>(E) == w(E)E a.~.(E) 
. 1 J 
J'='l 
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(4.15) 
where w(E) is a weighting function and m, the number of tenns, which is equal 
to the number of the foils used, and 3; are the expansion coefficients. Comparing 
equation 4.14 and 4.15 , one obtains 
where 
E-. 
oij = f W(E)ajot(E)dE 
Eth 
(4.16) 
(4.17) 
0ij can be detennined by the choice of weighting function, w(E), polynomial OJ(E), 
and photonuclear cross section of foil i, and ~ is a measured quantity, equation 
4.17 can be solved for the expansion coefficients. Hence, this leads to solution of 
equation 4.15. 
The application of orthonormal expansion techniques in unfolding 
bremsstrahulang spectra was reported in the work by Hiragama and Nakamura 
[HIR73], and Nath and Schultz[NAT 76]. The method has been also used for 
neutron spectrometry in a reactor environment, this can be found in works by Di 
Cola and Rota [DiC65], and Gold[GOL64]. However, these studies showed severe 
limitations in accuracy of the method and its reliability. The convergence rate of 
the expansion is often not adequate to provide good accuracy. Proper choice of the 
functions may lead to improvement of the convergence. Unfortunate choice of the 
detectors may result in an ill-conditioned system of equations in which small 
changes in known terms will lead to large variations in the solution. 
Least square expansion methods 
The least square expansion or relative-deviation minimisation method can be 
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described as extension to the orthonormal expansion method outlined previously. 
In this method, the expansion coefficients ~ can be detennined by minimising the 
square sum 
where 
n Emu. 
Mi = Ai - f aj f W(E)4>j 0;CE)dE 
j=l Eth 
with respect to ~ 
The minimisation process can be preformed for 1~ n ~m. In most cases, a 
physically acceptable solution corresponds to smallest Q. 
Iterative or least square techniques. 
(4.18) 
(4.19) 
The above methods have serious shortcomings, limited applicability, 
unstable solutions, and inability to use prior constrains. Therefore, the iterative or 
least squares methods were developed to overcome these shortcomings andimprove 
the quality of the spectrum unfolding. These methods have been incorporated into 
computer codes. Table 4.4- outlines some of computer programmes which are often 
used for unfolding a spectrum (neutron spectrum), and whose unfolding process is 
based on iterative or least squares methods. More detailed information about these 
programmes and the iterative methods implemented in these codes can be found in 
reference [ROU85]. 
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Table 4.4 Some of iteration methods based computer programmes used in 
spectrum unfolding . 
Code Iterative procedure Application 
SAND II the procedures used SAND I I has been 
[McE 67] are based on iterative widely used in neutron 
correction of a trail spectroscopy 
solution. 
SPECTRA the procedures are based neutron spectroscopy 
[ORE 67] on smoothing or linear 
regularisation methods 
CRYSTAL BALL as in SPECTRA neutron spectroscopy 
[KAM 74] 
BON as in SAND II used for unfolding 
[SAN 76] multisphere 
spectrometer. 
LOUHI82 this code has different Many applications. 
[ROU 80, SAN82] options of priori 
knowledge which can be 
controlled by the user. 
In this work the programme LOUHI82 was used for unfolding the 'photon 
spectrum. The LOUHI82 programme is a general purpose least squares unfolding 
computer code, It is based on minimisation of the weighted square sum of the 
fitting errors of the activities. The mathematical models of this programme are 
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discussed in the next section. The description of the input ,the output and the 
structure of the programme can be found in reference [ROU80, SAN83]. 
4.6.3 The LOUHI82 programme 
Equation 4.11 can be rewritten in a more generalised form as 
E~ 
Ai = J aA>(E)dE +€j for i = 1, 2, 3, ... m (4.20) 
Eth 
where t. is an error reflecting uncertainties of measured responses and cross section. 
" 
For a numerical solution , E, ai(E) and <I>(E) are made discrete and the 
integral are replaced with quadrature forms, which can be expressed in discrete 
form as 
n 
Ai = L Ki}~j +Ei 
j=l 
i=1 ..... ,m (4.21) 
or in matrix form 
where 
<1> is vector of flux values at n energy points. 
n number of energy points. 
K is the discretised kernel matrix with element 
, 
K .. = W. a· (E.) lJ J I J 
(4.22) 
(4.23) 
In practice, as stated before, this group of equations is usually under-
determined since the number of energy points n, where the spectrum ought to be 
solved is usually larger than the number of the detectors (foil), i.e n >m. Therefore, 
some sort of' a priori' knowledge of the spectrum must be implemented or 
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introduced in order to obtain a physically acceptable solution. 
In LOUHI type programme , the problem is transferred to minimising the square 
sum 
s 
Q= Qo + YLwkQk (4.24) 
k=1 
The parameter y determines the overall weight of the ' priori' knowledge. Q, is the 
square sum of the relative difference between the measured and calculated response 
and can be given by : 
m m n 
Qo = LrE€T = LriE[Ai-LKi"jf 
i=1 i=1 j=1 
(4.25) 
where, ~i are weights defined for each measured response which are usually set 
to be as 
r~ = , 1 
mA~ I 
(4.26) 
The terms wk in Equation 4.24 represent the individual weights for the different' 
a priori' constrains. The terms Qk are related to the assumed shape and smoothness 
of the spectrum. They have the following physical meaning : 
Ql is the weighted square sum of deviations of the solution from a trial solution at 
the energy nodes, Ej , 
~ is the weighted square sum of the solution values, 
~ is the weighted square sum of first difference of the solution, 
Q4 is the weighted square sum of second difference of the solution, 
<2s describes the deviation of the solution from an assumed shape. 
The mathematical models of these terms are discussed in reference [ROU 80]. 
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Two methods of solution are implemented in the LOUHI programme; the 
linear method in which the minimisation problem is reduced to solving a group of 
n linear equations and nonlinear method, in which the negativity of the spectrum 
value is avoided and the non-negativity of the solution is assured by expressing 
the spectrum values 4>i as square of real number 
cl>i = xi i = 1, ....... . . ........... ,n 
In this work, the spectrum was unfolded by the nonlinear method using a 
smoothness condition, described by 
n-l 
Q4 = L r/ ( lOgXj~l - 210gXj + logXj+l )2 j=2 
(4.27) 
(4.28) 
where r'f is a weighting constant. The recommended value of this constant was 
used (r'f=l!n). The minimisation problem was reduced to the following form 
(4.29) 
where several values of y were used. 
75 
4.7 Results and Discussion 
The results of the measurements carried out in this study are shown in 
figures 4.8, 4.9 and 4.10 .The quality of these results (solution of equation 4.14) is 
influenced by the following factors [ZIJ76] : 
i). the choice of the foil set, 
ii). errors in the measured activities, 
iii). uncertainty in the cross section data, 
iv). for some unfolding programmes, i.e SAND II , choice of trial or input 
spectrum may affect the spectrum obtained, 
v). the quality of the unfolding programme used. 
However, these factors are interrelated. Hence, the analytical investigation 
of the error propagation is difficult if not impossible. Although the LOUHI82 
programme has built in option for internal testing and error simulation. it was 
decided to use an independent routine to test the quality of the spectra obtained in 
this work. This was achieved by simulating the following effects on the spectrum 
using the Monte Carlo approach' 
a) effect of errors in induced activities. 
b) effect of uncertainty in cross section data. 
The method consists basically of making a standard run with the 
experimental activities and obtain a 'base' run. Then, the experimental activities 
are replaced by a new set of induced activities calculated using the base 
spectrum. On the assumption that the errors in the input data belong to a normally 
distributed population about a mean of zero and standard deviation, the input point 
is selected from the distribution; 
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1 r-r g(r) = exp( _[ m]) 
J27tq 2q 
where 
r is either an activity or cross section value , 
rm is the true mean of induced activities or cross sections values 
q is the standard deviation of the normal distribution. 
(6.30) 
Simply if the r value chosen was negative it was disregarded and another value 
was chosen. Next , using the base spectrum as our trial input a new spectrum was 
obtained. Then, another set of input data were randomly selected and the 
calculation again was repeated using the base solution as input solution . The 
calculation was terminated when Qo of equation 4.27 reached 1 to 2%. The number 
of random sample sets of data used was determined by examining the variances of 
the chosen activitiesV: where I is the sample number. The quantities 
(4.31) 
where Ai is the measured induced activities. of foil i with standard deviation ~ 
have a X2 distribution with degrees 1-1 of freedom. When all values of U j fall 
within 95 % confidence band the sampling is stopped, The standard deviation at 
each energy point was calculated. Results of this approach are shown in figure 4.8 
and table 4.5. Because of the complex calculations that lead to the solution of 
equation 4.14, it is difficult to assign a specific statistical interpretation to these 
errors.They do, however, point out what one should expect that the uncertainty 
would be greater at the lower energy end of the spectrum . This , as we mentioned 
before , due to the fact that the threshold for photonuclear reactions occurs at a 
higher energies. By reviewing table 4.5 and figure 4.8 , we can see that th~se 
errors are higher at the lower part of the spectrum. 
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Table 4.5 Result of errors simulation for measured photon spectrum 
at the central line. 
Photon Energy Photon fluence8 S.D 
MeV -2-(I i) 
1 0.243 0.083 
2 0.699 0.071 
3 0.937 0.092 
4 1 0.051 
5 0.966 0.05 
6 0.886 0.06 
7 0.8 0.038 
8 0.708 0.076 
9 0.626 0.081 
10 0.548 0.045 
11 0.484 0.035 
12 0.4295 0.059 
13 0.374 0.061 
14 0.330 0.08 
15 0.291 0.09 
16 0.257 0.101 
17 0.229 0.095 
18 0.201 0.113 
19 0.177 0.091 
20 0.150 0.135 
21 0.133 0.165 
22 0.116 0.19 
23 0.099 0.195 
24 0.074 0.21 
25 0.000 0 
a) nonnalised to maximum value. 
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Chapter 5 
Measurement of photon spectrum 
using transmission technique 
The transmitted intensity of an x-ray beam through given thicknesses of 
attenuating material is characteristic of the incident beam. This quantity may be easily 
measured. In the present work, this technique was employed to measure photon 
spectra produced in two different medical linear accelerators, namely Philips SL-25 
installed at the Walsgrave Hospital Radiotherapy Centre in Coventry, U.K. and 
Varian 2100C installed at Mid Kent Oncology Centre in Maidstone, U.K. These 
transmission measurements for each machine were carried out on the central axis, and 
at several off axis angles. There are several methods which could be used to 
reconstruct the photon spectrum from transmission measurements such as Laplace 
transformation,[ARC82,ARC85a, ARC85b, ARC88a,ARC88b, ARC88C], neural 
networks [BOO90a, BOO90b], and three parameters model [BAK92, BAK95]. In this 
work, the photon spectra were reconstructed from these measurements using an 
iterative model based on Huang et al[HUA81,HUA82,HUA83] and Piermattei et al 
[PIE90a,PIE90b] iterative models. The experimental considerations , the analysis 
procedure, and the results are discussed in the following sections. 
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5.1 Transmission measurements 
For measurements an air filled ionization chamber with air equivalent walls, 
enclosed in water equivalent build-up material to achieve charged particle equilibrium 
(CPE) is used and under narrow beam conditions. The absorbed dose in water, for 
mono-energetic photons of energy,k, may be determined according to the Bragg-Fano 
air cavity theorem , using the following relationship[KAS78,A TI86] 
W [I-L (k)/ p ] 
D (k) = M N (~) en w 
W e (lJ.en(k)/p] a 
(5.1) 
here M is the chamber reading, N the exposure calibration factor, W je the average 
energy required to produce an ion pair in air (33 eV). [Jlen(k)/p]wand [Jlen(k)/p]. are 
the mass-energy absorption coefficients for photons of energy,k, for water, and air 
respectively. At CPE , this dose can be related to the incident photon energy fiuence, 
'l'(k) , differential in photon energy according to the following formula; 
(5.2) 
For a polyenergetic photon beam the chamber reading can be given in terms of the 
incident spectrum as 
Emax 
M = f *(k) [J.Le,/p]a (~ ) R(k) dk 
o a 
(5.3) 
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where ~ax represents the maximum photon energy of the spectrum, and R(k) is the 
energy dependent response of the detector. 
The above arguments are valid for photon beams with maximum energies about 
2 MeV[ATI86] and assume that all secondary electrons entering the air-filled cavity 
of the chamber are produced in the chamber wall material. Above 2 MeV the 
contributions from the surrounding medium become larger. If we assume the 
ionization produced in the cavity chamber is due to electrons generated in the 
enclosing build-up material only[KAS78] , then the dose Dw(k) due to mono-energetic 
photons of energy, k, may be expressed in units of the measured charge per unit mass 
in the cavity Ja [GRE8!] 
(5.4) 
where s is the stopping power ratio from water to air for the secondary electrons 
w,a 
entering the chamber. 
If charged particle equilibrium is reached, the dose may be again expressed in terms 
of the incident photon fluence as in equation 5.2, and the chamber reading,M , for 
a polyenergetic x-ray beam in which the chamber is placed, will then be expressed as 
Emax 
M = f w(k) [iJ.e,/p]w sa,w (~ ) R(k) dk 
o a 
(5.5) 
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However, for the energy range of photon beams produced in medical linear 
accelerators, the measured ionization produced in the air cavity of the 
chamber[LEM83] is due to electrons set in motion in both the wall and surrounding 
material. If we define 13 as the fractional ionization due to electrons generated in the 
surrounding material, the total dose is given by[GRE81,SHI78] 
(5.6) 
Taking into account the above dosimetry considerations and for a narrow-
beam transmission geometry and also assuming that the beam is attenuated by an 
absorber of thickness x, the signal, S, measured in air by an air filled ionization 
chamber is given by 
E_ W 
S(Xt) = f v(k) Ja( e a) {J3Sa.w[~4!n(k)/P]w + (1 - J3)[~en(k)/p])R(k)exp[ -~,xt]dk 
o 
where, f.lt(k) is the total linear attenuation coefficient of the absorber material, 
Therefore, the relative transmitted signal(transmission curve) is given as 
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(5.7) 
S(x.) 
T(x)= S(~) 
E_ 
= J'I'(k)R(k)exp [ -Jlt(k)xJ)dk 
o 
(5.8) 
where S(O) is the signal measured without the absorber. In the above expression, the 
stopping power ratio from air to water is a slowly varying function of energy for the 
energy range of interest[AND86] , therefore, it was taken to be equal to unity. 
If the total linear attenuation of the attenuating material varies monotonically 
with energy, and if k is made up of a discrete array of energies, ~, it is possible to 
obtain the photon energy fluence from a set of transmission values by constructing 
simultaneous linear equations 
n 
T(x.) = ~ A .. l.If(k.)M 
1 L.J 1)'1' ) 
(5.9) 
i=l 
where Aij = R(k)exp[ -Jlt(~)xa and M<: is the spacing between energy values. 
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5.2 Selection of the attenuating material 
As mentioned in the previous section, in order to obtain the energy fluence 
from transmission measurements the total linear coefficient for the attenuator material 
should be monotonic over the expected range of photon energies in the spectrum. To 
optimize the analysis J..lt values should be sensitive to the spectral changes in the 
range of interest, in other words IdJ..lt(k)/dkl values must be maximized. Therefore, in 
order to deduce the energy fluence from the transmission curves the minium value 
of J..lt must be greater than the maximum energy of the spectrum to be constructed. 
Figure 5.1 shows IdJ..lt(k)/dkl as a function of photon energy for aluminium, carbon, 
copper and lead. This figure indicates that the carbon is suitable for a range with a 
maximum energy up to 30 MeV, the lead should be used for spectra with maximum 
energy below about 3 MeV. In cases in which the bulk of the energy fluence 
spectrum is expected to lie below 1.5 MeV, alminuim and copper may become more 
favourable. 
Values of the total linear attenuation coefficient,~(k) , for likely attenuator materials 
covering photon energies from 0.044 to 30.0 MeV were obtained from look-up tables 
constructed for this purpose, using Berger and Hubbell's program XCOM[BER87]. A 
monotonicity preserving Hermite polynomial[NAG90] was fitted to the log of 
attenuation coefficient values to allow interpolation to required energies. 
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5.3 Iterative Methods 
In the previous section the principle of deriving a photon spectrum by solving 
equation 5.8 for a spectrum defined by m energy intervals from a number, n ~ m, of 
transmission measurements was described. 
Although an exact solution cannot generally be obtained for real transmission 
measurements, the use of iterative techniques employing constraints on the possible 
spectral shapes allows approximate but physically realistic spectra to be obtained. 
Using the notation of equation 5.9 we represent the transmission curve of the iterative 
model, T j can be represented in the form 
m 
Ti(Xi) = ~ ak$(kj)exp[ - J.Lt(k}xi] 
J=1 
(5.10) 
where ~ is the spacing in the energy array and ~(~) is the total linear attenuation 
coefficient for the filter material for photons of energy, ~. The method then involves 
sequentially modifying the spectral elements, \jI(Is) , re-calculating the transmission 
curve and comparing this with that of the spectrum which is to be reconstructed. If 
improved agreement is obtained, then the modification is retained and the process is 
repeated for the next spectral value. The basic procedure is outlined below; 
1. Assign an initial guess for the m spectral elements, Gl. 
2. Calculate the transmission curve, Tj(xj), i=l to n for this spectrum. 
3. Calculate the deviation of the calculated transmission curve from the true values. 
4. Set i=l 
5. Set j=l 
6. Modify the jth element of \jI(k) by comparing the ith calculated and required 
transmission values. 
7. Re-calculate a transmission curve and deviations from true values for thi~ 
modified spectrum. 
8. If the results for the modified spectrum are improved, let this spectrum 
replace the model's current spectrum. 
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9. Set j=j+ 1 and repeat the process from step 6. 
10. Having covered all spectral components, set i=i+ 1 and return to step 5. 
11. Having covered all transmission values return to step 4 until no improvement is 
observed or a satisfactory solution has been obtained. 
The iterative process is carried out moving from high energy elements of the spectrum 
and low transmission values to the low energy region and high transmission values. 
Huang et al [HUA82,HUA83} evaluated the transmission integral of equation 5.8 
using Simpson's rule by dividing 'V(kj ) into m components with equally spaced energy 
interval, L\k, so that the model's transmission curve, TH, is given by 
M,m 
TH(X.)=-~ A.w(k.) 
I 3 fr Ij't' J 
1 for 
T)= 4 for 
2 for 
j=l,m 
j=2,4, ... ,m-l 
j=3,5, ... ,m-2 
(5.11) 
Spectral elements are modified simply through multiplying by the ratio of measured 
and calculated transmission values, T(x)ff H(Xi) and full transmission curves compared 
by calculating the quantity X2 
(5.12) 
where 'Yi represents the uncertainty in the iLh transmission measurement. 
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Using this procedure Huang reconstructed bremsstrahlung spectra with maximum 
energy of 4 MeV applying some constrain to assure physically meaningful 
results [HUA82]. Piermattei et al [PIE90a] found that the Huang approach is reliable 
to reconstruct bremsstrahlung spectra with Emax up to 10 MeV. 
In order to reconstruct photon fluence bremsstrahlung spectra of E.nax > 10 
MeV, Piennattei et al [PIE90b] modified Huang et al' s approach by introducing new 
constrain and approximating the equation by the Gauss rule . The Gauss rule uses 
fewer energies ~ to obtain transmission values within an acceptable accuracy level . 
Also 1G energies are not equally spaced, being denser at the ends of the energy range. 
Therefore, more information in the range where , 'If (~), increases rapidly towards a 
model energy , ~od' and near Emax , and where the method is less accurate because of 
the small value of dWdk of the attenuating material. 
Using the Gauss rule equation 5.11 can be written In the following 
approximation form 
(5.13) 
where ~,the photon energies are given here by 
k. = ( Emax )( 1 + Z1' ) 
1 2 
(5.14) 
~ are the n real and distinct solutions of the Legendre polynomials [SeH88] 
(5.15) 
and l\j becomes as follows 
(5.16) 
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where 
2( 1 - z}) 
11j = ------=--
[n 2 Pn_lZj)]2 
(5.17) 
The iterative procedure is initialised with a triangular spectrum, ~ with the peak at 
~od and '1'1 changes to '1'1 +1, using all the T j values according to the following relation 
where ~ is the calculated transmission value. 
5.3.1 Constraints 
(5.18) 
Although the iterative approach appears to be a simple approach in solving the 
transmission equation 5.13 ,however, in order to obtain a physically realistic 
spectrum, constraints must be applied to values taken by the spectral components, 
One would expect the spectral components of megavoltage spectra to increase 
monotonically from the low energy cut-off up to the modal energy and then to 
decrease monotonically to the maximum photon energy. This constraint may be 
represented by the following inequalities 
w(kj ) ~ W(~+l) for j~jmod 
w(kj ) ~ W(kj+l) for j~jmod 
where jrnod is the point of the modal energy. 
(5.19) 
Also the spectral shape must be smoothed and so a smoothing constraint must also 
be applied. Sauer and Neumann[SAU90] suggested a smoothing constraint in the 
following expression 
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N 
'II(k} = L g",,( 'II (lj-nnl + 'II(lj+",,» 
",,=0 
(5.20) 
where N is the number of nearest neighbours considered and the coefficients,gnn. 
satisfy 
N 
E gM = 0.5 (5.21) 
M=O 
Also, Piermattei et al [PIE90b] proposed that in order to achieve meaningful results 
, within a specified energy range no \jfj can have a negative value and no restriction 
on how close to zero it can be, and that different starting E ~ax values are used around 
the maximum energy value. 
5.4 Construction of an Iterative Model 
In order to reconstruct photon spectra from transmission measurements carried 
out in this work, a model based on the iterative approach of Huang et al 
[HUA82,HUA83] and Piemattei et al [PIE90b] was constructed incorporating the 
smoothing constraint of Sauer and Neumann[SAU90]. The flow chart of the iterative 
cycle is shown in figure 5.2 where Ti represents the input transmission curve and 
TC is the iterative model's transmission curve (calculated) . The integers i and j refer 
to the attenuator's thickness and energy array elements, respectively. The initial 
guess,Go, for the photon spectrum is given by a triangular distribution. 
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Tc, 'Xl2 
j= 1 
j = j + 1 
n 
i = i + 1 
l= l +1 
Xi.+1 2 = xl-
TC j+1 =Tc j 
'M = 'H'+1 
gbbal 
check 
n 
Figure 5.2 Flow chart describing the iterative model used in this work, T is the input 
transmission curve, r: is the recalculated transmission curve by the model. 
i and j refer to the attenuator thickness and the energy array elements 
respectively. GO is the initial guess for the photon spectrum. 
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5 . 5 Experimental setup 
The transmission measurements were conducted at two different types of linear 
medical accelerator. These were the Philips SL-25 with nominal energies 6 and 25 MV 
and the Varian 2100C with nominal energies 6 and 15 MV. Aluminum sheets with 
purity of 99.9 % and total thickness of 35 cm were used as the attenuating material 
for photons delivered by the 6 MV nominal energy in both machines, and perspex 
sheets of total thickness of 62.3 cm for the 15,25 MV photons. The experimental 
procedures followed for both machines were similar. The experimental arrangement 
employed, to collect the transmission data is shown in figure 5.3. 
source 
ihIluaiDr sheets 
1. Pb shielding block. 
2. buld -(JP material 
3. bulld-(Jp material 
4. cavity chamber 1-
Figure 5.3 Experimental set up arrangement used in this work for the 
transmission data collection (the narrow beam geometry) 
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The type of the ionization chambers and the build up caps thicknesses and 
other particulerties of the measurement are shown in Table 5.1. The field size was 
optimised in order to assure a narrow beam geometry setup, to be 3 x 3 cm2 , for the 
SI-25 , and 1 x 1 cm2 for the Varian 2100C , at the wall of the ionization chamber 
. The scattered radiation from the and other structures in the room was reduced using 
the lead shielding surrounding the chamber. 
Transmission measurements were carried out on the central axis along GT and AB 
planes for the SL-25 machine , and along the GT plane for the Varian machine . Also 
in order to study the angular distribution of the photon spectra for both machines, 
measurements were made at several angles off the central axis (Table 5.1). This was 
accomplished by setting corresponding gantry angles with off distances on the 
asymmetrical jaws system. The relative transmission curves collected for both of the 
machines are shown in figure 5.4 and figure 5.5. 
During the measurements, the readings ( of the chamber) were taken three 
times for each thickness to assure the reproducibility of the data collected. During the 
measurements with the SL-25 machine we noticed variations in these readings which 
were probably due to instability of the accelerator. Also observed a variation of the 
reading without attenuator S(O). Thus we were not able to take S(O) as a constant 
value for all S( xJ values. This variation may be due to temperature variations of the 
different accelerator components. Therefore, for each thickness, we repeated the 
measurement without the attenuator. We did not notice this variation in the Varian 
machine. 
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Table 5.1 A summary of the transmission measurement 
experiments . 
-_._-
-
- - -- -
Clinical machine nominal Attenuator Ion chamber 
energy used used 
(MY) 
I SL-25 6 Aluminium 35 cm3 
(purity=99%) PITMAN 
SL-25 25 Perspex 35 cm3 
PITMAN 
2100 C 6 Aluminium .6 em3 
(purl ty=99%) FARMER 
2100C 15 
Perspex .6 em3 
FARMER 
-- -- --
- ----
-~ 
- - ----- -
_._.-
--
extra build-up Field size Dose off- axis i 
cap MU angles 
4.5mm 3 X 3 cm2 50 ,80 
Perspex 200-400 
Perspex 
3 X 3 em2 100-500 50 , 80 
9 mm of 
perspex 1 X 1 em2 200 2.10 , 60 
(PMMP) 
14 mm of 
perspex 1 X 1 cm2 200 2.10 , 60 
(PMMP) 
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Figure 5.4 Transmission profiles collected for Philips SL-25 
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5.4.2 Background radiation 
The background radiation is due to multiple scattered photons arising from the 
measurement setup and the accelerator with many degrees of scatter. This radiation 
may be collected by the chamber as a part of its signal and may affect the 
reconstructed spectra. Therefore, the resulting transmission data should be corrected 
for this undesireable noise. If we assume homogeneous distribution of the background 
radiation surrounding the chamber, the background component can be subtracted from 
the collected reading in order to obtain the true signal via the expression; 
(5.22) 
i 
where Sb(Xi), and Sb(O) are the background readings for attenuator thickness of Xi 
and without attenuator respectively. The rest are as defmed before. 
In this work the background noise was determined by moving the chamber across 
the beam away from the central line ( in both directions ). The values obtained were 
then subtracted from the transmission data as a background using equation 5.22 
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5.6 Estimation of the mode 1 energy 
In order to reconstruct reasonable realistic spectra using the iteration method 
it is important to have a good estimate of the model energy . Such an estimate can be 
obtained by evaluating the expression 
(5.23) 
Then, the slope of each transmission curve, at zero thickness, Jlt(O) , is an estimate for 
the corresponding model energy. Table 5.2 shows model energy values obtained 
employing equation 5.23 and used in the present work. 
Table 5.2 Model energy values for different maximum energy. 
Machine Maximum energy Model energy 
(MeV) (MeV) 
SL-25 6 1.54 
SL-25 25 4.23 
Varian 2100c 6 1.54 
Varian 2100c 15 3.1 
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5.6 The energy response of the chamber 
Many investigators have tended to evaluate the energy response of ion 
chambers by irradiating them with different radiations such as cobalt-60, heavily 
filtered kV x-ray sources, and a 6 MV x-ray source. A linear fit through the response 
of each of the energies being used as the correction factor for the ion chamber. The 
trade off with this method is that the energy which is to be reconstructed is used to 
detennine a correction for the detector. 
Since the majority of the spectra considered in this work, have mean photon energy 
above 2 Me V , the detector response , R(k), was determined using the following 
analytical expression 
R(k) = (IJ. en(k) ). (k)' [(k)t t ] 
--p- cp S a.cp exp -IJ. cp cp -IJ. air air (S.24) 
where the exponential term corrects for attenuation in the intervening air and build up 
cap (made of prespex ) and the stopping power ratio, sa,cp' refers to electrons crossing 
the chamber, set in motion by incident photons of energy, k. sa,cp values were taken 
from reference [AND86] assuming that Sair,cp(k)zsair,w(k) and that the secondary electron 
spectrum at around Scm depth in water is the same as that at 10 cm. 
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Values of (Jlen(k)/p )cp corresponding to the energIes defining the reconstructed 
spectrum were found by fitting a monotonicity-preserving Hermite polynomial 
interpolation [NAG90] to the log of the data given in reference [STP93]. For energies 
above 20 MeV values were found by log-linear extrapolation[PRS89]. 
Tabulated values of (llen(k)/p )cp in the energy range considered are shown in figure 
5.6. Also the values of mass-energy-absorption coefficient of water are shown in 
figure 5.6 for comparison. Values of Jlcp and those of air were obtained using Berger 
and Hubbell's program XCOM[BER87]. 
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water as function of photon energy. 
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5.7 Results 
Iterative fitting to the input transmission curves for the megavoltage spectra 
was carried out with the maximum number, imax, of major iterations set to 1000. 
Following the approach of Piennattei et al [PIE90b] the photon energy spectrum was 
defined by 24 energy array elements. The procedure was terminated if no 
improvement in the value of X2 was obtained after each f' iteration. 
Due to the restrictions imposed on possible spectral shapes by the application of 
smoothing constraints mentioned in the last section, convergence was reached in all 
cases. A number of about 200 iteration were sufficient to obtain 90 of the 
reconstructed 'Vj in agreement with the collected data within errors. 
The accuracy of the final spectrum resulting from the iterations was assessed by 
calculating the model's transmission curve from equation 5.8 by numerical integration 
using finite difference fonnulae[NAG90]. Table 5. "and Table 5.}, shows a 
comparison between measured and calculated transmission curves, for curves obtained 
for SL-25 at 25 MV and Varain 2100c at 15 MV. 
The effect of increasing the number of elements was not found to provide any 
improvement in the accuracy to which entered transmission curves were reproduced. 
The use of the Gauss rule to approximate the transmission integral inevitably 
introduces errors which limit the accuracy with which the iterative model described 
can reproduce input transmission curves. For the case of 24 energy array elements, the 
error introduced in the calculation of transmission data from the initial triangular 
energy fluence distribution was found to be of the order of 0.15 percent. Simply 
increasing the number of energy elements used to define the photon spectrum will 
reduce this inherent source of error, but at the same time reduces the differentiation 
between successive energy intervals which is needed to guide the iterative process. 
Reconstructed spectra are shown in figures 5.7 , 5.8, 5.9, and 5.10. The applied 
constrain guaranteed a result that makes a physical sense for the spectra without 
distorting the results. Smoothing of the spectra generally helped to speed up the 
lOS 
iteration process and increases the accuracy. 
Table 5.3 Variation between the measured and the recalculated transmission 
data with a perspex attenuator for the Varian machine operating at 
15 MV. 
Thickness Trnnsmissim deviatim 
(cm) (%) 
measured calculated 
1.123 95.854 95.954 0.1043 
2.224 91.98 92.16 0.21 
3.337 88.24 88.5 0.30 
4.443 84.69 85.02 0.39 
5.038 82.85 83.21 0.44 
8.41 73.22 73.73 0.7 
10.634 67.56 68.13 0.85 
12.853 62.40 63.01 0.99 
15.077 57.66 58.31 1.11 
18.469 51.19 51.85 1.29 
20.719 47.35 48.01 1.39 
25.757 39.85 40.48 1.57 
28.699 36.09 36.69 1.66 
32.091 32.23 32.79 1.74 
36.534 27.84 28.35 1.82 
41.008 24.10 24.53 1.86 
46.046 20.49 20.88 1.91 
49.812 18.19 18.54 1.91 
55.428 15.26 15.55 1.89 
59.871 13.30 13.55 1.86 
63.263 11.99 12.21 1.83 
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Table 5.4 Variation between the measured and the recalculated transmission 
data with a perspex attenuator for Philips SL-25 machine operating 
at 25 MV. 
Thickness Transmission deviation 
(em) Measured calculated (%) 
a 100 100 0.0 
1.12 96.578 96.544 -0.04 
2.224 93.096 93.284 0.20 
3.39 89.99 89.96 -0.03 
4.44 87.07 87.08 0.009 
6.16 82.6 82.59 -0.01 
8.41 76.94 77.09 0.19 
12.30 68.27 68.50 0.33 
14.57 63.46 63.98 0.83 
16.12 60.7 61.09 0.63 
18.34 57.12 57.18 0.11 
20.91 52.88 52.99 0.23 
25.36 46.47 46.53 0.13 
30.77 40.09 39.79 -0.75 
35.86 34.36 34.4 0.107 
39.77 30.75 30.79 0.15 
45.34 26.33 26.35 0.07 
50.96 22.53 22.55 0.12 
54.88 20.08 20.25 0.88 
62.14 16.39 16.62 1.41 
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Chapter 6 
NEUTRON CONTAMINATION 
6.1 Introduction 
An unavoidable contamination of photoneutrons in electron accelerators 
operating above about 8 Me V has been of concern to various international 
organisations responsible for radiation protection, such as NCRP (National Council on 
Radiation Protection and Measurements), ICRU (International Commission on 
Radiation Units and Measurements and ICRP (International Commission on 
Radiological Protection )for their effects on the overall dose received by patients 
undertaking radiotherapy treatment, and for the protection of the staff operating such 
clinical machines.The need for convenient and accurate dosimetry of these neutrons 
has lead to many investigations[LAU51, McC86,UW A86,PAT 91,MAN92,AG093a, 
AG093b]. This unwanted dose depends on the spectral distribution of the 
photoneutrons which is frequently taken to resemble the fission spectrum. This 
assumption may lead to inaccurate evaluation of the resulting dose. Using the Monte 
Carlo based programme, MORSE[EMM85], this assumption was examined [McC79b, 
McC79c] taking into account the effects of (i) the head shielding and (ii) the concrete 
room scattered neutron contribution to the neutron field. Figure 6.1 shows the neutron 
spectrum generated from 25 Me V electrons striking a tungsten target, without any 
head shielding or the presence of the room scattered neutrons, which resembles 
relatively closely a fission spectrum, ie. 252Cf. However, it is clear from figure 6.2 that 
a notable deviation of this assumption occurs for the real case when the neutrons have 
to penetrate the head shielding and wall scattered neutrons are present 
In the present study, the foil activation technique was used to detennine the flux 
distribution of the photoneutrons and their spectrum generated in a radiation field of 
400 mm by 400 mm at different positions by a Philips SL25 linear accelerator. A 
number of threshold reactions were employed. The following sections discuss, the 
neutron contamination of medical linear accelerator beams, the theoretical background 
of the foil activation technique, the results and their implications. 
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Neutron energy (Me V) 
Figme 6.1 Photoneutron spectrum generated by photons with 
maximum energy of 25 Me V striking a tungsten target. 
The spectrum was obtained using MORSE ccxleEMM85]. 
A fISsion spectrum is also shown for comparison. 
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6.2 Photoneutron production 
The production of neutrons in medical linear accelerators results primarily 
from giant resonance reactions, both directly in electrodistintegration reactions, (e,e-n), 
and by bremsstrahlung gamma rays in (Y,n) reactions. However, the direct production 
of the neutrons by electrons is less than one per cent of the total and can be generally 
neglected [NCRP84]. The primary production of neutrons by photons is due to the 
(Y,n) reactions with smaller contributions from (y,pn)-and (y,2n). The threshold energy 
for photoneutron production in most medium and high Z materials is 8 to 10 with 
giant resonances at about 13 to 15 MeV as mentioned in chapter 4. Thus, an electron 
accelerator with maximum photon energies greater than 10 MeV can produce 
measurable numbers of fast neutrons by photonuc1ear reactions with various materials 
in the treatment head, patient, and treatment room. Therefore, the radiotherapy patient 
may be exposed to the following sources of neutrons : 
a) accelerator-produced neutrons 
There are three distinct sources of accelerator produced neutrons to be considered, 
these are 
i) neutrons direct from the photon target (unfiltered) 
These neutrons arrive at the treatment area on the patient's skin with very little or 
no modification of their original spectrum; they have a spectrum with a mean energy 
of about 1 MeV. 
ii) neutrons filtered by treatment head shielding 
Neutrons filtered through the high Z shielding material ( often Wand Pb ) of the 
treatment head, arrive at the patient's body surface facing the treatment head with 
mean energy considerably degraded to an average value of .3 to .5 MeV [McC79b] 
as a result of frequent collisions with the shielding material of the treatment head. 
iii) room scattered neutrons. 
The room scattered neutrons are thermal neutrons and a larger number of more 
energetic neutrons which have undergone a few reflections[ McC78a, EIS82]. They 
scatter about the concrete room, irradiating the patient uniformly on all sides. The 
mean energy of these neutrons is considerably reduced. 
b) Patient produced neutrons. 
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Patient produced neutrons arise from photonuclear interactions occurring within the 
patient. This neutron source is distributed in virtual confonnance with the photon 
fluence distribution within the irradiated volume. 
The yield of photoneutrons is governed by the convolution of the (1,n) cross sections 
and the bremsstrahlung spectrum. Swanson [SWA78,SWA79] has calculated the 
n~utron yields from 'semi-infinite' slabs of ten elements ranging from carbon to 
uranium. Figure 6.3 is taken from Swanson's work. The figure represents the 
maximum number of neutrons an electron can produce in interacting with the element. 
3.5 rr--,------,.--r---,...--...----.---. 
2.5 
... 
:= 
..>C 
~ .... , 
u 
2.0 
CIJ 
ell 
ell 
C 
0 
.!: 
~ 1.5 CIJ 
c 
>-1 
1.0 
Figure 6.3 Neutron yields from semi-infinite targets of various materials per 
unit incident electron-beam power as a function of incident electron 
energy Eo[SW A 78,SW A 79] 
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6.2.1 Neutron spectra 
The neutrons produced by the giant resonance in a target originate from two 
distinct mechanisms, evaporation contribution and direct process. The evaporation 
component which gives the largest contribution can be described by a Maxwellian 
distribution which dominates the low energy region as follows (normalised to unit 
area) [NCRP84 ]; 
(6.1) 
where, T, the nuclear temperature in units of MeV, depends on the mass number of 
the residue nuclide and its excitation energy. En is the energy of the emitted 
neutron.These neutrons are emitted isotropically. 
The direct emission neutrons tend to dominate at the higher energy region of 
the spectrum. These neutrons 
distribution[TOS91,AG092] 
can be represented by the following 
E In [ max] 
dN En + l!J. n ( -d ) d = -,..---ll----....:..:....---
En '"'mAX n E f In [ max ldEn 
a En -/1 n 
(6.2) 
where, Emu is the maximum energy of the photons and ~ is the neutron binding 
energy. These neutrons are usually emitted anisotropically with respect to the photon 
beam direction. 
Table 6.1 reports nuclear temperature and binding energy values for some materials 
of interest in medical linear accelerators. 
The total neutron spectrum of photoneutrons resulting from both processes can be 
given by 
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(6.3) 
where, Ce , Cd are constants taking into account that Cd is assumed to be 12 % of ce as 
recommended in reference [NCRP84]. 
Table 6.1 Nuclear temperature and neutron binding energy for 
bremsstrahlung targetsa• 
Material T (MeV) 
Cu 1.0 
W .5 
Au 1.19 
Pb 1.2 
~ (MeV) 
10.56 
7.34 
8.06 
7.42 
a) Value of Sn for each material was obtained by averaging the ~ values of the various isotopes 
of the material according to their abundance, The values of ~ for the different isotopes and T 
values were taken from reference [NCRP84] 
6.3 Transport of neutrons 
6.3.1 Effect of the head shielding 
To obtain a useful and well collimated beam of photons at the treatment 
position from medical accelerators, massive shielding is constructed around the target 
which is usually made of material of high Z such as tungsten or lead. Also, the 
accelerator head contains a certain amount of iron and copper used in the construction 
of the bending magnets etc. Since the photons are predominately emitt~ in the 
forward direction, therefore most of the shielding is incorporated in this direction. 
Because of the high atomic number of these materials, the only significant mechanism 
by which the approximately isotropic photoneutrons lose energy is either by inelastic 
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scattering or by (n,2n) reactions. At the lower energy range of neutrons it has been 
shown [HOW58], that inelastic scattering dominates the neutron energy loss process 
whilst at higher energy ranges the main process of energy lows is by (n,2n) reactions. 
The elastic scattering at these energies does not contribute to the slowing down 
process, but by increasing the neutron path length the process increases the probability 
for the other interactions to occur. The neutron interaction cross sections for tungsten 
and lead are illustrated in figure 6.4 and figure 6.5. 
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Figure 6.4 Neutron interaction cross sections .in 'natural' tungsten as function 
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The energy that neutrons lose as a result of (n,n'y) and (n,2n) interactions can not be 
detennined exactly, however the minimum energy losses are equal to the lowest 
excited state and the binding energy of a neutron, respectively. The sum of inelastic 
(n,n'y) and (n,2n) cross sections for tungsten and lead is of the order 1 or 2 barns and 
neutron absorption is negligible in lead. However there is about 15 % attenuation 
of neutrons in tungsten. 
Therefore, due to the high number of scattering events in the accelerator head, 
the shielding may be approximated to a hollow sphere. This approximation greatly 
simplifies the attenuation and slowing down calculations. The wall thickness of this 
sphere is up to about 150 mm if lead is the shielding material and up to 100 mm if 
tungsten is used as the shielding material,[NCRP84]. 
In order to estimate the average energy of the neutrons after emerging from 
the head shielding McCall used the Monte Carlo based code, MORSE, to investigate 
the effect of various thicknesses of shielding materials around the neutron source. The 
results obtained showed that the average energy of the emerging spectrum, Edir, can 
be calculated using the equation 
( t ) 
E = E . (.!) HEL(Epri ) (6.4) 
dir 'pr~ 2 
where, t is the known thickness of the shielding material , Epri is the initial energy of 
the spectrum and HEL(Epri) is the half energy layer at energy Epri , which is defined 
as the thickness of material which decreases the Eoo value by a factor of two. Figure 
6.6 shows a plot of the half energy layer against average energy of the neutron spectra 
as obtained by McCall and his coworkers[McC79b] 
121 
100 
E 
o 
-
a:: 
w 
>-
<! 20 
-.J 
>-
C) 
a:: 
w 
z 
W 
LL 10 
-.J 
<! 
I 
5 
o 2 4 6 8 10 
~m(MeV) 
Figure 6.6 Variation of the half energy layer with average 
energy of the incident neutron spectrum, [McC79b]. 
6.3.2 Effect of the concrete room 
Medical accelerators are operated in shielded concrete rooms. The neutrons 
produced by the high energy photons undergo elastic scattering events when they 
strike the walls. These neutrons are either rapidly thennalized by the hydrogen atoms 
present in the concrete and finally absorbed by the capture interaction, or scattered 
back into the room and traverse the distance between the walls several times. These 
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low energy neutrons contribute to the neutron field around the electron accelerator and 
affect the shape of its spectrum. 
It has been shown that an approximately uniform thermal fluence will be 
produced anywhere within a concrete room if a fast neutron source is placed in the 
concrete room[PAT58]. These thermal neutrons are related to the fast neutron source 
according to the following relationship 
where, <t> is the thermal neutron flux, On is the fast neutron strength, Sr is the inside 
surface area of the room including the ceiling and the floor and K is a constant. The 
thermal fluence represents a single point of the scattered neutron spectrum. 
McCall et al [McC79] investigated the possibility of a similar expression for 
the entire wall scattered spectrum, using the MORSE code. The results of the work 
showed that the wall scattered neutron fluence can be given by 
... ( as·Qn) 
'I" set = 5.4' S (6.6) 
r 
where, ~ is a constant which depends on the head shielding material, and can simply 
be defined as the fractional fluence transmission of the neutrons through the head 
shielding. It has a value of 1 for lead shielded accelerators, since no significant 
attenuation of neutrons takes place in lead, and 0.85 for the tungsten shielded 
accelerator since neutron attenuation is about 15 % in tungsten. 
McCall et al further showed that the average energy of these scattered 
neutrons excluding the thermal neutrons is indep~ndent of the room size and is given 
by the equation 
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(6.5) 
(6.7) 
6.3.3 Total neutron fluence 
From the work of McCall and his coworkers , one can conclude that the neutron 
fluence, <l>epi , due to neutrons with energy above the cadmium cut-off (which will be 
discussed in a later section) per unit dose (Gy) of photons at the isocentere in the 
treatment room of the accelerator consists of two components, the frrst is due to the 
neutrons incident directly from the source, <l>d.ir1 and the second component represents 
the scattered neutrons from the concrete rooin walls, <l>sct, and can be given 
by[McC79] 
(6.8) 
<I> epi = <I> dir + <I> set = 
where ~ is the distance from the accelerator target to the point of measurement in 
centimetres and <2n is the neutron source strength in neutrons emitted from the 
structure of the accelerator head per unit dose of x-rays delivered to the isocentre. 
Also it can be shown that the average energy of the spectrum of these neutrons, Em' 
can be expressed in terms of Edir by 
2 
E = Edir~dir + Esct~setE = E. [1 _ 16.4 TT Rm] (6.9) 
m .... + .... m d~r S 2 1 6 R 2 
'I' d1r 'I' set r + . TT m 
The thermal neutron fluence, <l>lh' in the treatment room per unit dose of x-rays can be 
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calculated using the following equation[McC87] 
(6.10) 
Therefore, the total fluence, <t>tot, throughout the accelerator room can be given by 
[NRC84] 
~ tot = ~ dir + ~ sc + ~ th = 
6.4 Measurement of the photoneutron spectrum 
6.4.1 General considerations 
Measurements of the neutron fluence rates and corresponding spectrum in high 
x-ray radiotherapy beams are difficult due to the large ratio of photons to neutrons. 
Photons interfere through photonuclear reactions in the detector and through pulse 
pile up effects cause problems in detectors utilizing electronic pulse measurements. 
Moreover, the radiation produced by the accelerators consists of impulses of few 
microseconds separated by much longer time intervals, so that the detection system 
works under unusual conditions. If the detector reveals fast neutrons coming directly 
from the source and the instrumental dead time is of a few microseconds, the collected 
counts at high fluence rates , may refer to the machine repetition rate not the intensity 
of the neutrons. Therefore, under these conditions, only passive detectors can be used 
to carry out neutron measurements inside the treatment room. 
6.4.2 Methods of measuring photoneutrons 
To date no method of neutron spectrometry has been established as the ideal 
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method or technique to measure the photoneutron spectrum generated as a result of 
operating medical linear accelerators especially inside the treatment field of these 
clinical machines and to overcome the problems outlined in the previous section. The 
most frequently used techniques for the determination of the photoneutron spectrum, 
employ 
i) a Bonner multi sphere spectrometer, and 
ii) activation detectors 
Techniques employing etched track detectors, diode and ionisation chambers have 
been used in monitoring the neutron field around medical accelerators [WIL73 , 
SCH78]. These detectors have been used in out of beam measurements of the neutron 
fields which is not in the scope of this work. Therefore, only activation and Bonner 
multi sphere detectors will be discussed in the following paragraphs. 
6.4.3 The Bonner Multisphere Spectrometer 
This is the most frequently used method for the spectrometry of 
photoneutrons from linear medical accelerators. It is made of SIX polyethylene 
moderating spheres of different diameters, a bare thermal neutron detector and 
appropriate cadmium cap. The thermal neutron detectors used include thermal 
activation foils and thermoluminescent dosimeters[HOL77]. The drawbacks of the 
method are its theoretical response curve dependencies and the complex calculation 
requirements in neutron spectrum unfolding. The application of the method in out of 
beam measurements have been verified[HOL 77]. For in beam measurements the 
interferences from (Y,n) reactions in the cadmium and the polyethylene spheres have 
lead to the failure of the method , in general, and conflicting results have been 
reported[KUS7 6,AXT72,AXT79]. 
6.4.4 Activation detectors (Foil activation) 
6.4.4.1 Theory of foil activation technique 
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Certain materials become radioactive when irradiated by a beam of neutrons 
through different interaction mechanism. The induced activities that result from these 
interactions can be measured using appropriate detectors. The measurement of the 
radiations emitted can be used to deduce information about the number and energy 
distribution of the neutrons in the beam. Materials used for this purpose are called 
activation detectors and are usually made in the form of thin, disk-shaped foils with 
a surface area in the range of 0.1 to 10 cm2• Some of the advantages of foil techniques 
for neutron detection are [BEK64 ] 
a) foils are extremely reliable and convenient to use, 
b) they can be used over a wide range of flux levels, 
c) they do not require use of special electronic equipment during irradiation, 
d) foils may be activated and the measurements be made at one's convenience after 
the experiments, 
e) they are a very practical way of obtaining a number of measurements. 
The foil materials should be selected according to certain criteria. Some of the 
criteria in selecting suitable detectors have been discussed in chapter four. A full 
discussion of the criteria can be found in reference [IAE70]. Most of activation foils 
can be activated by three processes, thermal absorption at low energies, resonance 
absorption at intermediate energies and threshold activation at intermediate and high 
neutron energies. These three processes correspond to particular neutron reactions, i.e 
thermal and resonance absorption activations are the result of (n;y) reactions while, 
threshold activations represent (n,p), (n,a) and (n,2n) reactions. Therefore, it is 
convenient to use different foils for measurements in different neutron energy regions. 
Thermal flux measurements are carried out by using foils with high thermal absorption 
cross sections. For intermediate flux and spectra measurements, resonance detectors 
are used. The resonance detectors are characterised by a very high cross section at 
some specific neutron energies (resonances) and a relatively low cross section 
elsewhere. Table 6.2 lists some useful thermal and intermediate activation detectors 
and their properties. Gold and indium are the thermal activation detectors most 
employed since they are readily available and have high absorption cross sections. 
However, use of gold may be preferred because of its longer half-life which allows 
counting to be delayed for longer time. Examples of resonance detectors are those of 
127 
vanadium, copper and gold. 
Table 6.2 Activation detectors useful for thermal and intermediate neutrons 
measurement. 
REACTION n-ENERGY HALF-LIFE O'eff y-ENERGY 
(bam) (keV) 
sSMn(n,y)S6Mn thermal 2.57 d 13.2 846.8, 1181, 
2110 
llsIn(n,y)1l6mIn 1.457 eV 54. m 3243.0 335 keY 
197 Au(n,y)198 Au 4.906 eV 2.69 d 1565.0 412 keY 
sSMn(n, y)s6Mn 337. eV 2.57 h 14.0 846.8,1181, 
2110 
63Cu(n, y)64CU 580. eV 12.8 h 5.6 511 keY 
Threshold detectors are used in fast flux and spectra measurements, where the 
reactions taking place require that the kinetic energy of neutrons to be above a 
minimum energy. Since, each foil material with a different threshold will respond to 
a somewhat different neutron energy and since most of the threshold energies are 
above a few ke V, the threshold detectors have to be selected with greater care. A list 
of such threshold detectors together with their effective threshold energy their 
effective cross sections , half-life of their products, and energy of the induced 
gamma.are shown in table 6.3. Example of threshold detectors used around medical 
accelerators are aluminium [GUR78], and phosphorus, [ PRI78b, BAD82]. 
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ilble 6.3 Useful threshold detectors for fast neutron measurement 
REACfION Eth HALF-LIFE O'eff y-ENERGY 
(MeV) (keV) 
15In(n,n,) 115mIn 1.2 4.3 h 0.17 b 336.3 
47Ti(n,p) 48SC 2.2 3.43 d 0.071 b 159.4 
64Zn(n,p )64CU 2.8 12.8 h 0.30 b 1340.0 
~7 AI(n,p )27Mg 4.4 9.462 min o .070 b 1014.4 
56Fe(n,p )56Mn 6.0 2.57 h .6015 mb 811.2, 844.6 
'Co(n, a)56Mn 6.8 2.57 h .143 mb 846.8, 1811 
7 AI(n, a) 24Na 7.2 15.06 h .693 mb 2754.1, 1368.6 
4~i(n,p )48SC 7.6 44h .303 mb 1311.8, 1037.4 
983.4 
55Cu(n,p )65Ni 7.8 2.52 h 21 mb 366., 510, 610, 
860 
r7 Au(n,2n)196 A 10.0 6.183 d 2.12 b 355.7,333.0 
~Cu(n,2n)64Cu 11.9 12.71 h 0.93 b 1340 
IOZr(n,2n)89Zr 13.1 3.268 d 0.64 b 909.2,511.0 
Moderated activation detectors, such as Bonner spheres, which evolved from 
foil activation technique are simply suitably designed spherical or cylindrical 
tron moderating (slowing down) materials such as polyethylene, water and paraffin 
h. a thermal neutron activation detector placed at their centre. Ther have been 
d to evaluate the fast neutron fluence from accelerator [HAN68]. The activation 
~ctors employed have usually been gold, [PAL84], or indium, [McG76]; other 
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activation detectors such as rhodium foils have also been used. Commercial versions 
have been referred to as rem meters ego the Anderson-Braun and the Hankins 
remmeters. Many studies have been carried out to investigate the effect of the 
photoneutron production within these detectors on their response[AXTI8]. A cadmium 
cover is often placed over these detectors, to eliminate the incident thermal neutrons. 
But using this cover may cause photoneutron contributions to the neutron field being 
measured due to interferences from (y,n) reactions in the cadmium[SAN84]. 
6.4.4.2 Induced activities 
The same procedures, principles and methods which have been discussed in 
chapter four and used to obtain the induced activities of the foils exposed to the high 
energy photon may be used in measuring the induced activities of the foils exposed 
to a neutron beam. The reaction rate per target nucleus is given by the well known 
equation: 
R = (6.12) 
-II. t -II. t [ -II. t ] & a "Iv· N . [l-e .1,r] "e w. l-e c 
where, Ny is the number of recorded counts, tc is the counting interval, tir is the 
irradiation time, lw is the elapsed time between the end of irradiation and the start of 
counting, A is the decay constant of the radioactive isotope, Ea is the absolute detection 
efficiency for the gamma-ray emission of interest, ly is the branching ratio of this 
gamma-ray and N is the number of target atoms. 
6.5 Neutron flux determination 
Since the induced activity in an irradiated foil is proportional to the neutron 
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flux, it is therefore possible to detennine the neutron flux by activating suitable foils 
and measuring their activity. For thennal and intennediate flux measurements the 
predominant reaction is radiative capture representing thermal and resonance 
absorption. The capture reaction rate (chapter 4) can be written as 
R = <I> th a th +<1> epjI (6.13) 
where, <l>th is the thennal flux, a th is the thennal cross section, <l>epi is the epithermal 
neutron flux, and I which is called the resonance integral is defined as 
00 (6.14) 
where, Ecd is the cadmium cut-off energy which will be discussed below. The 
resonance integral represents the microscopic cross section averaged over a particular 
energy region of interest in which the neutron flux can be represented by a lIE 
relationship. This representation compensates for the resonance absorption peaks 
present in this energy region. Values of resonance integrals are tabulated in various 
sources [GRY83,IAE74]. 
6.5.2 Cadmium Ratio 
The induced activity in an 'activation foil' such as gold or indium is not only 
caused by thermal neutrons but is also partly brought about by 'intermediate neutrons'. 
To distinguish between the thennal and epi-thennal neutrons, the activati~n foil is 
often used in conjunction with a cadmium cover because the cadmium has a high 
thermal absorption cross section. At a certain thickness of the cadmium (about .75 
mm) nearly all the neutrons below the cadmium cut-off of 0.55 eV, are absorbed. In 
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anther words, the cadmium cover acts as a high pass fIlter for the neutrons such that 
neutrons of energies above the cadmium cut-off pass through the cadmium without 
appreciable capture. 
The method requires the activation of the 'bare' foil, where both the thermal 
and epi-cadmium neutrons cause the induced activity, followed by the activation of 
the cadmium covered detector, where the induced activity is assumed to be caused 
only by epi-thermal neutrons ie. neutrons of energy greater than the Cd cut-off. The 
cadmium ratio, CR is then defmed as the ratio of the detector response without a 
cadmium cover to the detector response with cadmium cover. That is 
(6.15) 
where, Abr is the activity of the bare detector, and Acv is the activity of the Cd covered 
detector. 
The cadmium cut-off energy, Ecd, depends on the angular and spectral distribution 
of the neutrons as well as on the absorption cross section and the geometrical shape 
of the detector. However, it is possible, by making certain assumptions ie. assuming 
'l/v' absorber characteristics and isotropicity of the neutron emissions, to calculate the 
cadmium cut-off energy[DA Y57]. 
When the activation and counting procedures are exactly the same for both 
bare and covered detectors, equation 6.13 can rewritten as 
by 
(6.16) 
Therefore, the ratio of the thermal to epi-thermal neutron flux can be given 
<I> th = (CR - l)~ 
<I> epi (J th 
(6.17) 
In the case of fast flux measurements, which can be made through threshold foil 
activation. the reaction rate (per target nucleus ) can be represented by 
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CD 
R = f a (E) <I> f(E) dE (6.18) 
Eth 
where, Eth is the threshold neutron energy required to initiate the reaction, and <t>t<E)dE 
is the fast flux in the energy interval E and E+dE . The cross section, aCE), is strongly 
neutron energy dependent. Therefore, it is often averaged over an energy region of 
interest. For an ideal threshold detector the cross section should be zero below the 
threshold energy Eth and equal to a constant value above it. Since the actual behaviour 
of the cross section is different to that of a step function. effective or 'weighted' 
reaction cross sections are used such that[SAN82] 
where, 
o 
a (E) = 
a eff 
CD 
for 
for 
fa (E) <I> f (E) dE 
o 
o eff = 
CD 
(6.19) 
(6.20) 
by using two threshold detectors with thresholds Eth1, Eth2 respectively, the total flux 
in the energy interval between Ethl and Eth2 Can then be found, and ther~fore, the 
neutron spectrum can be determined using suitable threshold detectors for the energy 
range of the interest. 
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6.5.3 Measurements for neutron spectra determination 
The determination of neutron spectra by activation detectors is based on the 
characteristic energy dependence of each reaction cross section. By using a suitable 
set of selected activation detectors, the spectrum can be determined from results of 
activation measurements. The principle of relating these measurements to the spectrum 
has been discussed in chapter four. The same principles and methods of unfolding the 
spectrum can be applied here. 
6.5.4 Correction factors 
In order to obtain reasonably accurate results from measurements of both 
thermal and epi-thermal fluxes using activation foils such as gold foils, it is essential 
to correct for some effects that may introduce errors into the measured flux . The 
necessary corrections are for 
i) self-shielding effects, (ii) flux depression and (iii) foil edge effect. 
The flux depression is attributed to the fact that the absorption of the neutrons within 
the activation detector leads to a reduction of the flux in the neighbourhood of the foil. 
However, this correction factor becomes important only when the foil is placed in a 
large isotropically scattering medium, ie. measuring flux inside water a phantom. 
Therefore, it was neglected since the neutron flux was measured in air. The foil edge 
effect corrections are small and can be neglected when the radius of the foil is large 
compared to its thickness which was the case in this work. Therefore, only the self 
shielding correction factor will be considered in the present work. 
The self-shielding effect is attributed to the fact that outer layers of an 
absorbing foil reduces the neutron flux irradiating the interior of the foil; therefore the 
average 'activity inducing flux' within the foil is less than that at the surface. This 
effect is significant not only at the energies of the large resonance but also at the 
thermal energy range if the absorption cross section is high. The self-shielding can be 
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given by 
G = <I> m 
<1>8 
(6.21) 
where, <Pm is the mean flux inside the foil, and <Ps is the flux at the surface of the foil. 
Assuming that an isotropic and mono-energetic neutron flux is used to induce activity 
in a purely absorbing bare foil placed within a cavity, the self-shielding correction 
factor for thermal neutrons is given by [RIT60] 
_ (1/2 -E3 (x) ) 
Gth x (6.22) 
where x is the thickness of the foil in mean free paths and ~(x) is a third order 
exponential integral. For the epi-thermal neutrons using gold foils on other hand, the 
following approximation for the self-shielding correction factor [IAE70] can be used 
where 
SF 
G . = a + b . ( ) 1/2 (6 23) ep~ 0 0 M . 
ao = 0.0273 + 0.0012 ; 
bo = 0.0541 + 0.0004 
SF is the foil surlace area (cm2 ) and M is the foil mass ( g ) and is valid for 
1.5 5 
Table 6.4 shows values of the self-shielding correction factors calculated for the foils 
used in this study. 
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Table 6.4 Self shielding factor for foils used. 
foil thickness self shielding 
(mm) factor 
Au 0.043 0.947 + 0.001 
Fe 1.02 0.965 ±O.005 
In 1.0 0.893 ±O.002 
Al 1.15 0.985 ±O.OOl 
Cu 1.00 0.956 ±O.002 
Co .125 0.927±O.01 
6.6 Experimental determination of photoneutron spectrum 
In order to asses the neutron contamination, the flux and the spectrum of 
photoneutrons produced in the Philips Sl-25 clinical machine operating at a nominal 
energy of 25 MV and dose rate of 4 Oy per minute, were determined at different 
points inside a 400 mm by 400 mm treatment field. The flux was measured using bare 
and cadmium covered gold foils.The spectra were measured at the different points 
using sets of threshold foil detectors. These measurements were carried out utilizing 
the same experimental procedures and irradiation arrangement used to measure the 
photon spectra (chapter 4) and at the same positions. Also, the computer code 
LOUHI82 which was discussed in chapter 4, was employed to unfold the spectra from 
the induced activities of the foils. The neutron cross sections needed to unfold the 
spectra was obtained from the neutron cross section library DOSCROS84[ZU84],was 
used. Dimension and physical properties of the foils used in the measurements are 
shown in Table 6.5. 
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Table 6.5 Dimensions and physical properties of foils used. 
Foil Atomic Atomic Density Purity Mass Diameter Thickness 
number weight (g/cm3) (%) (g) (mm) (mm) 
±.OOOI ±O.l ±O.OOI 
Al 13 26.982 2.70 99.99 0.725 15.0 1.15 
Au 79 196.97 19.32 100. 0.065 10.0 0.043 
Co 27 58.933 8.9 99.99 0.193 15.0 0.125 
Cu 29 63.546 8.96 99.99 1.574 15.0 1.000 
Fe 26 55.857 7.87 99.85 1.432 15.0 1.020 
In 49 114.82 7.3 99.8 1.237 15.0 1.000 
6.6.1 Results of the measurements 
The thermal and fast fluences were determined using bare and cadmium 
covered gold activation foils. Table 6.6 shows the variation of the calculated thermal 
and epithermal fluence values on the plane of interest. Corrections for neutron flux 
perturbation due to the presence of foils and self-shielding effects have been 
incorporated using the method outlined in the previous section. The errors in these 
measurements due to statistical and experimental uncertainties were of the order of 
about 8 %. 
The average thermal fluence in the 400mm by 400 mm treatment field was 
found to be 2.166 X 106 cm-20y-l. The calculated value using equation 6.10 was found 
to be 2.04 X106 cm-20y-l. 
The measured epi-thermal fluence was found to 3.17 X 105 cm-20y-l while the 
calculated epi-thermal fluence was 4.17 X 107 cm-20y_l the large deviation is due to 
the fact that the epithermal fleunce was calculated assuming that the head shielding 
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was entirely made of tungsten (a=.85) since the composition of the structure of the 
head was not available from the manufacturer. 
The photoneutron spectra on the central line and at off axis angles of Sand 8 
degrees along the GTaxis were measured using a set of threshold foils ( table 6.5.) 
Correction for possible interference from self produced neutrons as a result of (Y,n) 
interactions were thought to be negligible for those foils with thickness less than .05 
mm. For foils with thickness greater than .05 mm, the induced activities in these foils 
were corrected for the interference from the photonuclear reactions by assuming that 
the induced activity due to the neutron reaction only is given by 
where, O'n' and O'y are the cross sections for neutron reactions and photon reactions 
in the specified foil respectively. A~ and A~ are the corrected and uncorrected 
induced activities respectively. 
The spectra determined by the measurement are shown in figures 6.8, 6.9 and 
6.10. The spectra were evaluated at different energy intervals and normalised per 
neutron by dividing the number of neutrons in each interval by the total neutrons in 
the region of interest (0.1 to 17 MeV). The neutron fractions per lethargy increment 
are shown in these figures. The shapes of these spectra resemble the fission spectra 
in the low energy regions and deviate from it as energy increases. This is due, as 
mentioned before, to the effect of the machine head high Z shielding material and to 
the neutrons scattering when striking the concrete walls of the room. The errors in 
the cross section data and the counting statistical errors are the main sources of errors. 
These errors tend to be higher at the high energy region of the spectra due to 
uncertainty in the neutron cross section at these higher energies. The error was 
obtained using the same technique outlined in chapter 4. 
138 
Q 
+ve 
4) 4 
3 4) 
-ve 4) 2," 
4 2 ~-
-
"'!!" 
-
v 
-
.... v 
3 20 2 
03 
04 
-ve 
T 
, 
, 
, 
, 
3 
-.... 
,central 
+ve 
-
'" 4 
2 
3 
4 
for foils at 2.5 degrees off axis 
for foils at 5 degrees off rum 
for foils at 8 degrees offaxii 
B 
Figure 6.7 Top view of the irradiation set up illustrating the position of the foils used t( 
measure the neutron fluence distribution inside 400 mm by 400 mm field 
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Table 6.6 Variation of thennal and epi-thennal neutron f1uence inside 400 mm by 400 
mm along ABGT plane. 
Along the GT axis Along the AB axis 
Angle Thermal epi-thermal Total Thermal epithermal total 
.c \ ve., Ge fluence fluence fluence fluence fluence 
, 
(degrees) (n/cm2·Gy) (n/cm2·Gy) (n/cm2·Gy) (n/cm2.Gy) (n/cm2'Gy) (n/cm2'Gi 
X 106 X105 X106 X106 X 105 X 106 
0 2.22 2.58 2.51 2.22 2.58 2.48 
2.5 1.98 2.42 2.29 2.30 3.12 2.61 
5 1.98 4.25 2.36 1.94 2.93 2.24 
8 1.73 2.14 2.15 1.95 3.54 2.30 
-2.5 2.17 2.88 2.46 2.39 3.19 2.45 
-5 2.05 2.77 2.32 2.76 3.26 3.09 
-8 1.80 2.84 2.08 1.86 4.29 2.28 
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Figure 6.8 Photoneutron spectrum measured using threshold detectors at the 
centrtre. The points shown in the graph corresponding to energies 
at the middle of the energy intervals shown in at the top of the graph. The 
figure gives neutron fraction per lethargy increment, 
which is taken as In(EjlEl), where Ej and El are the upper and lower limits 
of the energy interval j. 
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Figure 6.9 Photoneutron spectrum measured using threshold detectors at off-
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Figure 6.10 Photoneutron spectrum measured using threshold detectors at off-
axis angle of 8 degrees angle along ABGT plane. The points shown in 
the graph corresponding to energies at the middle of the en~rgy 
intervals shown at the top of the graph. The figure gives the neutron 
fraction per lethargy increment, which taken as In(EjlEl), where Ej and 
E} are the upper and lower limits of the energy interval j. 
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Chapter 7 
Discussion, Conclusions and Further Work 
7.1 Photon spectra 
In the preceding chapters, theoretical and experimental approaches to the 
problem of reconstructing photon spectra produced in medical linear accelerator were 
explored. Two different clinical machines were employed.namely the Philips" SL-25 
operating at 6 MV and 25 MV nominal power, and the Varian© 2100C. operating 
at 6 MV and 15 MV. 
A theoretical approach based on the thick-target model and using a numerical 
method similar to those of other researchers[FER71, DES90, DES95], which was 
incorporated into a computer programme has been applied to reconstruct the spectra 
from these machine. Because of unavailability of the information about the actual 
structurual composition and physical specification of the treatment heads of these 
machines, a check on the reliability of reconstructions by the theoretical model of 
Chapter 3 can be made only by comparing the results of this approach to those of a 
similar approach or to those of Monte Carlo simulations. 
A Monte Carlo based computer code, ITS,was used to verify the results obtained by 
the theoretical approach. Results from this are seen to vary considerably between the 
different spectra, better results being obtained in general for 15 MV and 25 MV 
maximum beam energies where maximum deviations are of similar magnitude to the 
Monte Carlo results. 
Narrow beara geometry was utilised to measure the transmission curves using 
aluminium as the attenuating material for photons of energy 6 Me V and perspex as 
the attenuating material for photons of 15 MeV and 25 MeV.The transmission 
measurements were carried out at the central axis and at several angles off the axis for 
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each machine. An iterative model based on the work of Huang et al[HUA82,HUA83] 
and on the work of Pie [PIE90A, PIE90B] has been applied which is constrained only 
by being forced to produce a physically realistic spectrum, to reconstruct the spectra 
from measured narrow beam transmission curves. The iterative mode is seen to 
produce results, with maximum deviations from input data being on average 0.2 - 0.3 
percent. Solutions for this model were found to be strongly dependent on the initial 
values used to begin the minimization procedure, suggesting the presence of many 
local minima. The likelihood of determining the global minimum for these models 
could be greatly improved through the application of simulated annealing [PRE89], 
however this would lead to a dramatic increase in computing time and has therefore 
not been pursued. 
Maximum deviations of calculated transmission curves of the different spectra from 
measured transmission values is well within the accuracy of experimentally measured 
transmission curves. The likely sources of error in the technique were investigated 
and solutions were sought. The errors acquired In this technique were due to the 
contributions of the following : 
a) Influence of the detector energy-response 
The detector energy response, R(k), which was incorporated into the 
transmission integral , was obtained using a simple expreSSIOn based on several 
assumptions as described in Chapter 5. The accuracy with which this function is 
known is a major factor in assigning uncertainties to the reconstructed spectrum. 
b) Contributions due to scattering in filters 
Large thicknesses of filter material will generally be required in order to define 
the transmission curve as fully as possible. For example, to attenuate a 10 MeV 
spectrum to ten percent of the incident intensity ( to be a sufficient minimum value) 
requires approximately 26 em of aluminium, 30 em of carbon (assuming p = 2.26 
gcm-3) or 65 em of water (these being the values for Faddegon et aI's 10 MeV 
spectrum). 
For such filter thickness, photons may be scattered into as well as out of. the forward 
direction and so contribute to the measured transmission. 
c) Presence of impurities in the attenuating material 
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Provided the relative proportions of impurities in the chosen attenuating 
material are known, correcting for their presence involves simply replacing the 
exponential term in equation 5.9 by 
n 
exp [E c 1 .... 1 (k) ] x (7. 1 ) 
~=1 
where ci is the proportion by weight of the ith element present in the attenuating 
material [JAC81]. 
The photoactivation technique has been applied in this study to measure the 
photon spectra at different locations across the radiation field produced by a Philips 
SL-25 clinical machine. These measurements were perfonned utilising a number of 
threshold foils. The spectra were then determined by unfolding them from the 
induced activities in the foils and the photoactivation cross sections, using a least 
squares minimisation method incorporated into an unfolding computer code[ROU82]. 
The experimental errors are due mainly to the errors in the cross sections and to the 
counting statistical errors. The overall errors were within 8 % at the low energy of the 
spectrum and decreased toward the end of the spectrum. This is due primarily to the 
fact that most of the photoactivation reactions have high energy thresholds with the 
exception of few. This limited our choice of the foils and hence, the energy intervals 
needed in the minimisation process. 
7.1.1 Comparison 
Since energy spectra of therapy accelerators are very dependent on their 
construction, especially on the flattening filter materials in the accelerator heads,it is 
only possible to compare spectra determined for the same machine. And since a full 
simulation of the expected photon energy spectrum for a given linear accelerator can 
be made only if complete details of the machine head construction are available, the 
computed energy spectra for each machine will be compared to those spectra 
obtained by other workers for similar type of accelerators. 
A number of measured and simulated spectra were gathered in an attempt to provide 
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the full range of spectral shapes likely to be found across radiotherapy centres, 
covering the range of maxim urn photon energies from 4 to 30 Me V . 
The gathered spectral data were for geometries ranging from simple targets of tungsten 
or lead alone to full simulations of clinical linear accelerator heads including beam 
flattening filters used to ensure uniform dose along the beam profile. 
Measurements of bremsstrahlung spectra resulting from incident electrons of maximum 
energies 10, 15, 20, 25 and 30 MeV have been made using a large NaI (TI) detector 
(20 cm diameter by 25 cm long) by Faddegon et al [FAD90]. Targets of lead with 
thicknesses nominally 10 percent larger than the continuous slowing down 
approximation, csda range,[ICR37] of the incident electrons were used. 
Mohan et al[MOH85] have carried out Monte Carlo based simulations for 4, 6, 15 
and 24 MeV spectra from a number of linear accelerators manufactured by the Varian 
Corporation. 
Compton spectrometry of 15, 20 and 25 MeV x-ray beams has been performed by 
Landry and Anderson[LAN911 using a high purity Ge detector with a volume of 60 
cm3• All spectra were produced by a Sagittaire clinical accelerator with a 4.0 mm 
tungsten target. An aluminium scatterer placed in the beam enables photons interacting 
by the Compton effect to be measured at a carefully determined angle which is later 
used to convert the Compton-scattered spectrum to that incident on the scatterer. 
Additional filtration of the beam due to the experimental set-up was removed by 
calculation. 
Comparisons between the spectra determined in this work and those of published 
spectra are as follows 
Varian 2100C 
The results of determining the photon energy spectra produced in a Varian 
machine are compared to the spectra obtained in Mohan et al 's work. The 
comparison (figure 7.1 and figure 7.2) shows that the measured spectra are in good 
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agreement with those of Mohan et al taking into consideration the experimental errors. 
The results from this machine were also compared with the prediction of 
Schiffs model (Chapter 3), where the photon (bremsstrrahlung) yield at different off-
axis angles is described by the expression[SCH46] 
I(O) = -intg[ - (aJ) 21n (183Z-1 / 3 ) /1510.8 t] -intg[ - (aJ) 2/1.787",,2] 
I(O) 1n ( [1510.8 t/t21n (183Z-1 / 3 )] ) -0.5772 (7.2) 
where intg is an integral of the form, 
CD 
-intg (-x) = J y-l e-Ydy, (7.3) 
x 
and I( 9) is the intensity at angle e, E is the electron energy, 't is the electron rest 
energy , t is the target thickness expressed in radiation lengths and Z is the atomic 
number of the target material. Here y is the integral dummy variable and x is the 
constant term, for given E and e, in the bracket. 
A comparison of the results in this work with those predicted by Schiff theory, was 
done following correction for the attenuation in the flattening filter. The shape of the 
flattening was approximated by a cone 19.3 mm high and 76.2 mm diameter and the 
target was assumed to be .635 mm thick tungsten bonded to copper 7.9 mm thick. 
The relative yields at off-axis angles; 0.00, • 2.10, • 6.10, measured in the transverse 
and radial directions are shown in table 7.1. The agreement of results of this work 
with Schiffs are good. The discrepancy at small angles (at 2.1 degrees) might be 
attributed to the crude approximation of the flattening filter and of the target 
configuration, resulting in distortion of the unfiltered beam. 
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Table 7.1 Measured photon fluence angular distribution after the flattening 
filter, fluence corrected for attenuation of the flattening filter and the 
f1uence predicted by Schiff's theory. 
Off-axis measured relative yield corrected Schiffs 
angle relative yield for theory 
(%) the flattening fIlter ( %) 
(%) 
0.0 100 100 100 
2.1 98.5 80.2 85.5 
6.1 91 55.2 55.4 
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Figure 7.1 The reconstructed spectrum of 6 MeV for Varian 2100C obtained from the 
attenuation measurements along Gun-Target line and 6 Me V spectrum of 
Mohan et al [MOH85]. 
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Figure 7.2 The reconstructed spectrum of 15 MeV for Varian 2100C obtained 
along Gun-Target line and 15 MeV spectrum of Mohan et al [MOH85]. 
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Philips SL-25 
The results of the Philips machine were compared to those spectra obtained 
by Mohan et al [MOH85] , Landry and Anderson [LAN91]. The comparisons are 
shown in figures 7.4, 7.5. The results of the comparison shows good agreement 
between the spectra obtained in this work and the published data. The accuracy can 
be improved by making use of additional data on the ion chamber used in the 
measurements for this clinical machine and on the accelerator itself. Infonnation about 
the flattening filter dimensions was not available to compare the results obtained with 
those predicted by Schiff's theory. The discrepancy between the measured spectra 
and those publshed are due mainly to the diffrence in the specification of the flattening 
filters of these machines. 
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7.2 Photoneutron spectra 
The problem of photoneutrons produced in linacs as a result of high energy 
photon interactions was the subject of the sixth chapter in this thesis. The dependence 
of the neutron field around the linear accelerators on the dimensions of the therapy 
room has been discussed. The theory of foil activation was presented. The neutron 
fluence distribution inside a field of 400 mm by 400 mm at SSD = 1000 mm 
produced by the Philips SL-25 machine was measured using bare and cadium covered 
gold foils. Finally the spectra along the Gun-Target line and at off-axis angles of 5 
and 8 degrees were measured using a set of threshold detectors (foils), each foil had 
a different threshold energy. The shape of the measured spectra show a clear deviation 
from those of a fission spectrum. 
7.3 Conclusions 
The indirect methods for the determination of high energy x-ray spectra in 
medical linear accelerators, which have been studied in this work, suffer from 
drawbacks. Theoretical calculations, based on quantum electrodynamics are 
satisfactory only for thin targets. However, the bremsstrahlung of linear accelerators 
is produced by thick targets. The resulting spectrum is filtered in field flattening filters 
and is tailored by collimators. These factors lead to a change in the shape of the 
spectrum. Photoactivation techniques, are useful only above a threshold energy. 
Attenuation analysis is limited by the accuracy to which the transmission curve can 
be measured and by the limited number of parameters used in the curve fitting. This, 
therefore highlights the need to develop a method to reconstruct the spectrum of 
high energy photons produced in medical linear accelerators, which can be easily 
adopted in the clinical environment. Such a method may be a combination of 
theoretical calculations, photoactivation measurements and attenuation analysis. 
This work also showed that the shape of the neutron spectrum in radiotherapy 
rooms is different from the fission spectrum. Therefore, in order to asses more 
accurately the extra dose due to photoneutrons, received by the patient and by the 
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operating staff during radiotherapy sessions, this difference should be taken in 
consideration. 
7.4 Photonuclear activation ratios as indication of the treatment progress 
An ultimate conclusion of this work may be to establish whether it is possible 
to use photonuclear activation ratios (PARs) as an indication of the relative 
concentration of carbon , nitrogen and oxygen in the body of patients who have 
undergone high energy photon (or even electron) therapy, with sufficient accuracy so 
as to monitor changes in the concentrations of a few percent. During treatment with 
high energy photons or electrons from a medical linear accelerator, a small amount of 
photon induced radioactivity can be found in the patient within the irradiation site 
[SPR70], which originates mainly from the following reactions: 
14N('Y,n)13N (threshold energy 10. 0 MeV, half-life=9.98 min.) 
160('Y,n)150 (threshold energy 15.67 MeV, half-life=2.03 min.) 
(threshold energy 18.72 MeV, half-life=20.3 min.) 
This induced activity, although it contributes little to the total dose, may give us 
sufficient information to evaluate the treatment. PAR is defined as the ratio of the 
saturation activity per target nucleus of one element relative to another[PRA84]. Since 
the activated photoproducts of the major elements carbon, nitrogen, and oxygen are 
all positron emitters which on annihilation emit photons of the same energy (511ke V), 
effects of sample size, self absorption and counting geometry cancel out when the 
photonuclear activation ratio is utilised assuming that these induced radionuclides arise 
within the same region. Hence the simplest and most reproducible scheme is to use 
an analysis which will give a unique PAR from a single irradiation. The computer 
programme, discussed in Chapter3, was modified to simulate the activation of the 
patient's body by bremsstrahlung photons and the perturbation of the concentration of 
constituents of a tissue. In these simulations a number of tissue phantoms were used, 
under different irradiation regimes and fields, in which the concentrations of the major 
elements were changed and their photonuclear reaction yields were then calculated. 
A correlation between the ratios of their yields and the relative concentrations was 
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drawn in order to establish a relationship between the photonuclear activation ratios 
and the changes in the concentrations of the constituent elements. This will lead to a 
method which distinguishes abnormal from normal tissues and may allow the 
monitoring of changes in elemental levels as radiotherapy progresses. Also it may 
yield information about the best time interval for delivering fractional doses of x-rays 
so as to irradiate tumour cells at the most radiosensitive part of the growth cycle. The 
bremsstrahlung spectra used in these simulations are shown in Figure 7.5(a,b,c) . 
They are calculated spectra using the computer programme discussed in Chapter 3. 
The spectra in Figure 7.5 are for a tungsten target of 77.4 kg/m2 thickness. The 
phantoms used in this work to simulate the diffusion of the bremsstrahlung photons 
in the patient's body were analogous in geometry to those usually employed for 
depth-dose measurements. The phantoms had a homogeneous composition and were 
made up of soft tissue equivalent materials [PEA 79], with three different oxygen, 
nitrogen , and carbon concentrations, see Table 7.2 
Table 7.2 V mious concentration (byweight percent) of carbon, nitrogen, 
and oxygen used in the simulations ,with minor and trace 
elements making up the rest. 
Tissue Equivalent 
Liquid Number Oxygen Carbon 
1 79.4 % 3.0 % 
2 73.5 % 12.4 % 
3 
63.2 % 23.7 % 
Nitrogen 
7.0 % 
3.5 % 
2.5 % 
In this simulation the phantoms were subdivided into small cells of 10 x 10 
mm2, and a beam of photons was directed onto the phantom. For simplicity of the 
calculations and the simulations the following assumptions were made: 
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i) only (y~) reactions were considered; this is because reactions such as (y,p) and 
(y,a) will contribute very little to the total activity for an energy less than 30 Me V, 
ii) only the most abundant isotopes were used, iii) only the part of the 
bremsstrahlung energy spectrum above the reaction thresholds was considered. 
Different field sizes of the beam were used ranging from 100 mm by 100 mm to 400 
mm by 400 mm, and phantoms of different volumes were employed. The 
photoactivation yields at different depths within the phantoms were also obtained. 
the results of these simulations are shown in Figure 7.6(a&b). Figure 7.6a shows 
the photoactivation ratios (PARs) of nitrogen to carbon as a function of their 
concentration ratio , using a bremsstrahlung spectrum, of 30 MeV endpoint 
(Figure7.Sc) . Whereas Figure 7.6b shows the PAR of oxygen to carbon as a function 
of the concentration ratio using the same incident spectrum. 
The results shown are for a beam area of 200 mm by 200 mm and the 
photoactivation ratios are quoted at 10 mm depth in the tissue equivalent phantom, 
which was in this case, in the form of a cube of side 200 mm. All values are 
normalised with respect to the photoactivation ratio found in one gramme per 100 mm2 
of surface area of tissue (phantom) 
By providing us with an estimate of the PARs at various depths in the phantoms and 
also, the PAR values for the whole volume of the tissue in which radioactivity has 
been induced, it is possible to work out an optimum regime for counting after 
irradiation in obtaining the tissue activity area of the 511 keY annihilation photons 
detected and thus determine the concentrations of carbon, nitrogen , and oxygen. It 
should also be possible to confirm from the PAR values obtained whether the 
concentration ratios are associated with a particular type of tissue. 
In addition since there has been an increasing interest in developing positron 
emission tomography sy stems of relative dimensions and rather simplified designs 
based on BGO detectors [RAJ92, SPY93], it may be possible to experimentally verify 
these calculations by obtaining the distribution of the element, of interest in the 
irradiated tissue, which should be the task of further work. 
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Concluding remarks 
1. The computer programmes developed in this work are PC based programmes. 
Also, PC versions of MORSE and ITS were used. Therefore , they can all be 
implemented into a PC software package . This suite of interconnected programmes 
would prove to be very useful in the clinical environment where resources and space 
are limited and access to mainframe computers is generally, not possible. 
2. A method based on the combination of theoretical calculations, photoactivation 
analysis and attenuation analysis, as developed in this work, should provide a useful 
and simple procedure to determine the spectrum of high energy photons produced 
in medical linear accelerators. In this method, the attenuation technique can be used 
to obtain the lower energy region of the spectrum and the photoactivation technique 
to obtain that in the upper region of the spectrum. The spectrum can then be 
reconstructed from these measurements using mathematical operators or joining 
functions to smooth over the overlapping energy region. The mathematical operators 
can be determined using theoretical assumptions based on theoretical or Monte 
Carlo calculations of the spectrum. 
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Corrections 
Page Line Incorrect correct 
3 10 prefonned performed 
4 29 constrains constraints 
6 figure 1.1 typical example of a 
9 20 C12100 C12100C 
9 22 2-5 MV 2-5 MW 
10 23 namley namely 
19 5 suply supply 
22 2 spectrum yield 
27 9 epreSSlOn expresslOn 
43 22 infinnation infonnation 
44 3 folowed followed 
50 14 LOUHI82 LOUHI82[ROU82] 
54 1 giantresonance giant resonance 
58 21 The energy The high energy 
62 4 indium nickel 
71 13 andimprove and improve 
77 15 degrees i-I i-I degrees 
105 14 Varain Varian 
108 figure 5.7 Reconstracted Reconstructed 
109 figure 5.8 Reconstracted Reconstructed 
110 figure 5.9 Reconstracted Reconstructed 
119 3 lows loss 
138 3 line axIS 
144 20 bean beam 
145 2 Pie Piermatteri 
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